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ABSTRACT 

Biomarker-based reconstruction of climatic and environmental variables can and have 

provided great insight into the processes of the earth system. However, biomarkers are 

by definition produced by living organisms via complex processes of biosynthesis, and 

interpretation of information encoded in biomarkers relies heavily on knowledge of these 

processes observed in the modern. A robust understanding of the modern mechanisms 

underpinning biomarker behaviour is essential to accurate interpretations of their trends 

geologically. In particular, understanding how biomarkers and their source organisms 

responded to increased levels of CO2 in the geologic record is of extreme importance for 

understanding how they will respond to anthropogenic climate change, and how climate 

mechanisms and feedbacks function in high CO2 worlds. Since gradients of CO2 

concentration are rare in nature, observing biomarker response to CO2 requires 

manipulation of environmental conditions in settings which are limited in size and 

complexity compared to the real world. This thesis examines the response of leaf wax n-

alkane biomarkers to elevated CO2 as part of a Free Air CO2 Enrichment (FACE) 

experiment in two species over four years, with the aim of determining how, and why, 

plant biomarkers respond to CO2, and what this could mean for their use in reconstructing 

past environments. In addition, this thesis will reconstruct atmospheric pCO2 using the 

alkenone δ13C proxy in the early Eocene: a time interval noted for its high CO2 conditions. 

By examining the performance of the proxy in extreme CO2 concentrations on geologic 

timescales, the underlying mechanics of the proxy can be evaluated, and the 



circumstances at which our understanding of alkenone biomarker response to pCO2 

breaks down can be examined.  

Changes to the distribution and carbon isotopic composition of leaf wax n-alkane 

homologues under elevated CO2 allow for examination of a plant biomarker’s functional 

response to experimental CO2 changes. This data shows that production of n-alkanes 

changes under elevated CO2 in one of the two species studied: the observed changes likely 

acted to optimise plant response to its environment. This shows that n-alkane production 

can be changeable within a single generation of plants on extremely short timescales 

geologically, but that response is highly species-specific and cannot necessarily be 

extrapolated to the scale of entire catchments. It also provides qualitative evidence that 

some plants may adjust their production of molecules known to reduce water loss under 

elevated CO2 in response to water savings made elsewhere in the plant, suggesting a 

hitherto undescribed feedback mechanism in plant-CO2 relations, that may have 

implications for understanding of forest water use under climate change.  

This data also shows that biosynthetic processes act to alter the δ13C of n-alkane 

biomarkers under elevated CO2 in both studied species. Alongside previously published 

studies, this data suggests that plants often adjust biosynthesis of n-alkanes on short 

timescales in response to changes in atmospheric CO2 concentration in ways which 

influence their δ13C, but do so via multiple mechanisms. This suggests that post-

photosynthetic fractionations of δ13C should be considered when interpreting n-alkane 

δ13C geologically, as these provide an additional mechanism by which n-alkane δ13C can 

respond to environment geologically alongside the currently accepted model of plant δ13C 

response.  



Finally, this thesis examines the response of alkenone biomarkers in a sediment core 

dating from the hot, high-CO2 conditions of the early Eocene. The early Eocene 

environment represents the highest CO2 and warmest sustained conditions of the last 66 

Ma, and existing pCO2 reconstructions give widely varying results depending on proxy 

used. The alkenone data presented here represent some of the earliest alkenone δ13C data 

ever measured, and thus if the proxy can be successfully applied, the alkenone δ13C-

derived pCO2 record could be extended backward through the early Eocene and could 

further constrain atmospheric pCO2 reconstructions for the interval. The data presented 

here suggests that in these extreme conditions the commonly used assumptions made 

with algal biology in order to produce quantitative pCO2 reconstructions may be 

inaccurate, and alkenone-producing algal biology should be regarded as more changeable 

on long timescales than is reflected in current data used for calibration. However, 

although quantitative pCO2 reconstruction using the alkenone proxy is challenging due to 

extremely high uncertainty, this data provides a valuable lower constraint on pCO2 

through the interval: even with the combination of input parameters to the model that 

would produce the lowest pCO2 estimations, pCO2 levels remain at or above 1000 ppmv 

over the interval. This is compatible with the pCO2 estimations for the interval made using 

Boron- and phytane-based proxies, but is much higher than the <700 ppmv predictions 

made using measurements taken from higher plant fossils. Thus, although the alkenone 

data presented here cannot quantify pCO2 during this interval, it suggests that Eocene 

pCO2 is best reconstructed from non-higher plant sources.  

 

 



 

 

 

These are the oldest memories on Earth, the time-codes carried in every 

chromosome and gene… The brief span of an individual life is misleading. 

Each one of us is as old as the entire biological kingdom, and our 

bloodstreams are tributaries of the great sea of its total memory. 

 

J. G. Ballard, The Drowned World 
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Chapter 1: Background 

Response of the terrestrial biosphere to CO2  

Terrestrial plants respond dynamically to changes in CO2 concentration because, as 

photoautotrophs, the take-up of CO2 during photosynthesis is the sole method for 

incorporating carbon into biomass for the vast majority of plants. Due to this 

dependence on CO2, it is unsurprising that plants respond profoundly to CO2 changes, at 

spatial scales ranging from biochemical responses within individual plant cells 

(Gonzalez-Meler et al., 2004; Terashima et al., 2014) to global scale shifts in species 

diversity and biomass production (Myneni et al., 1997; Zhu et al., 2016) and timescales 

ranging from near-instantaneous  to evolutionary (Franks et al., 2013). Notably, in CO2 

levels higher than current ambient concentration, plants increase water use efficiency 

(Seibt et al., 2008; Franks and Beerling, 2009; Battipaglia et al., 2013; De Kauwe et al., 

2013; Keenan et al., 2013; Adams et al., 2020; Walker et al., 2020). The effects of this are 

numerous; for example, under elevated atmospheric CO2 concentrations, plants show a 

decrease in stomatal conductance and an increase in carbon assimilation (Medlyn et al., 

2001; Nowak et al., 2004; Ainsworth and Long, 2005; Haworth et al., 2016).  

However, changes observed in experimental setups do not necessarily reflect those seen 

in the real world. By their nature, experiments which grow plants under elevated CO2 

must raise concentrations quickly, far exceeding the rate of change of the partial 

pressure of CO2 in air (pCO2) forced by anthropogenic emissions, which itself far exceeds 

the rate of change of pCO2 forced by natural processes in the geologic record, and which 

themselves vary hugely in rate as well as magnitude (Zhang et al., 2013; Turner and 

Ridgwell, 2016). Understanding the differences in response to pCO2 over these different 



2 
 

timescales is key to understanding both evidence of environmental change detected in 

plant fossils, and the future response of the terrestrial biosphere to anthropogenic 

emissions. Furthermore, where predictions of terrestrial biosphere response to 

anthropogenic CO2 rely on effects observed in short-term growth chamber experiments, 

the response of a few, generally small or immature, species grown in artificial conditions 

for a very small window of time assumes extrapolations of this response, perhaps 

carried out through ecophysiological modelling, to mature, global-scale terrestrial 

ecosystems are valid.  

The full range of response of terrestrial ecosystems to climate change happens on 

geologic and evolutionary timescales, and occurs on the scale of the entire planet’s 

climate system. However, increasing size, duration, and complexity of any climate 

change experiment is costly and time intensive. Shorter-term growth chamber 

experiments are cheap to perform and reproduce, but any scaling up spatially or 

temporally increases cost. Spatially, the largest experimental increases in CO2 

concentration occur in situ, as Free Air CO2 Enrichment (FACE), where CO2 is blown onto 

outdoor vegetation using tower structures (Figure 1). These experiments are typically 

on the scale of 10s of metres in diameter, and can run for at least a decade. Unlike 

smaller-scale experiments, FACE experiments examine the response of plant 

communities to CO2 concentrations, and can determine CO2 response alongside co-

occurring weather fluctuations such as drought over multiple years, whilst minimising 

chamber effects, but are still too short-term and small-scale to examine the impacts of 

multiple tree generations, including evolutionary responses, or the effects of larger-scale 

ecological processes such as migration (Luo et al., 2011; Norby and Zak, 2011; Porter et 

al., 2015; Hart et al., 2019; U.S. Department of Energy, 2020).  
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Figure 1: Schematic of a FACE array 

More fundamentally, the response of ecosystems to environmental drivers takes place 

on timescales ranging from seconds (for near-instantaneous biological processes) to 

hundreds of millions of years, for macroevolutionary trends (Sunday et al., 2014). As a 

general rule, the longer timescale a method of recording response to CO2 is, the less data 

can be collected and the more information is lost: growth chamber and FACE 

experiments allow in vivo observation of CO2 response for the duration of their 

operation, but since technological advances only allow use of techniques after they are 

invented, the quality and quantity of available data has increased over time and 

observations taken further before the present are reduced in scope (Figure 2). For 

example, satellite-derived time series of land surface plant cover only date back to the 

1980’s (Tucker et al., 1985, 1986). Understanding plant response to CO2 change on 

geologic timescales requires interpretation of fossil material, and much information 

which would have originally been contained within such material is unavoidably lost to 

diagenesis. Understanding plant response to CO2 on the longest timescales requires 
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knowledge of how extinct plant species responded to CO2, reconstruction of their 

biology after taphonomic and diagenetic processes alter their remains, and an accurate 

reconstruction of the CO2 concentration under which they grew.  

  

Figure 2: Timescales of archives of information on plant/climate response 

Furthermore, the quality of observations of atmospheric CO2 with which to evaluate 

plant response also decreases further back in time. Direct continuous measurements of 

atmospheric CO2 (Keeling et al., 2001). Prior to this, the concentration of CO2 contained 

within bubbles in ice cores can be measured: the oldest recorded ice core CO2 

measurements are around 800,000 years in age (Bereiter et al., 2015). CO2 

concentrations previous to this are reconstructed using a wide array of proxy sources, 

including the δ11B of planktic and benthic foraminifera (Rae et al., 2011; Henehan et al., 

2013), the δ13C of organic material produced by photosynthetic algae (Pagani, 2014; 

Witkowski et al., 2018),the δ13C of soil carbonate (Breecker, 2013), characteristics of 

plant stomata and δ13C (Schubert and Jahren, 2012; Franks et al., 2014; McElwain and 

Steinthorsdottir, 2017; Konrad et al., 2020), and characteristics of the sodium carbonate 

mineral nahcolite (Jagniecki et al., 2015). 

Each of these proxies has its own limitations, and its own timescale for which it can be 

observed. In general, as the Earth system becomes less similar to the modern in geologic 

time, the less reliable proxies become, as most rely on parameters calibrated from the 



5 
 

behaviour of species in the modern (Henehan et al., 2013; Konrad et al., 2020; Zhang et 

al., 2020), and information on other environmental variables which are needed for 

proxy calculation become harder to determine.  

As with terrestrial ecosystems, CO2-consuming photoautotrophs constitute the base of 

almost all marine food webs, meaning increases in CO2 concentration also influence 

marine systems. Also similarly to terrestrial systems, the response of marine ecosystems 

to changes in CO2 concentration occurs over many different timescales and through a 

myriad of different processes (Rhein et al., 2013). Unlike land plants, oceanic 

photosynthesisers do not limit diffusive CO2 acquisition via stomata: instead, an increase 

in atmospheric (and therefore dissolved) CO2 consequently leads to an increase in 

carbon within the cell (Freeman and Hayes, 1992; Rau et al., 1992; Pagani, 2014). 

Similar to C4 photosynthesis in land plants, some marine algae also employ carbon 

concentration mechanisms to further increase CO2 flux into the cell (Laws et al., 1997; 

Iniguez et al., 2020). However, unlike land plants, oceanic ecosystems are often tightly 

limited by the concentrations of nutrients available for growth, and the increase in 

dissolved CO2 available is unlikely to translate into large increases in biomass without a 

co-occurring increase in nutrient supply to the ocean (Moore et al., 2013).  

Changes to CO2 concentration induce other changes to the physical ocean, which in turn 

induce other changes on oceanic photosynthesisers and the ecosystems which rely on 

them. Notably, a rapid increase in dissolved CO2 decreases the pH of seawater by 

forming carbonic acid, leading to ocean acidification (Rhein et al., 2013). Many marine 

organisms form structures out of calcium carbonate that may be vulnerable to the 

associated decrease in carbonate saturation. However, the timescale at which oceanic 
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pH changes has a large impact on the biotic response, and organisms may be less 

susceptible to changes in oceanic carbonate saturation in the geologic record than to 

that seen in laboratory studies and due to anthropogenic change as evolutionary 

adaptation could occur (Hönisch et al., 2012; Sunday et al., 2014). In addition, as with 

terrestrial ecosystems, changes in atmospheric CO2 outside of a laboratory always 

induce changes to other aspects of the oceanographic system, including increased 

temperature and changes to stratification and circulation patterns (Rhein et al., 2013). 

Therefore, evaluating the impacts of CO2 on marine primary producers must include 

some consideration of indirect changes in the environment due to CO2 (Riebesell and 

Gattuso, 2015).  

Geological biomarkers 

The geologic record presents an opportunity to study the effects of changes to pCO2 and 

other climatic parameters on timescales where direct observations are not available. 

However, the full range of information contained within an organism is irreversibly lost 

after an organism’s death, as decomposition destroys or fundamentally alters the 

material which originally was the organism. Isolated organic compounds which survive 

this process in some form and retain information on the conditions of their formation 

are known as geologic biomarkers (Eglinton and Eglinton, 2008). 

In order to be defined a geologic biomarker, a molecule must:  

1) Be produced by either a single, known clade of organisms, and be specific to it, or be 

produced by multiple clades which respond similarly to environmental changes as each 

other. It must be identifiable in the sediment as only being produced by this group. 
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2) Preserve readily within sediment on geologic timescales, or have a known, reliable 

decay product which does so.  

In order to determine biomarker-based response of plants to their environment, 

biomarkers for both a) environmental conditions, and b) plant response must be used. It 

should be noted that the next section is not an exhaustive list of all proposed 

environmental proxies, nor of plant biomarkers, and non-biomarker-based approaches 

for environmental reconstruction (e.g. inorganic trace element and/or isotopic ratios in 

foraminiferal calcite) and plant response to environment (e.g. the morphology of plant 

macrofossils) are also used (Royer, 2013; Judd et al., 2022).  

Biomarker-based reconstruction of pCO2  

The carbon isotopic composition of marine algal biomarkers can be used to reconstruct 

CO2, but is limited by understanding of both algal biology and additional environmental 

conditions, such as temperature and nutrient concentration, which influence it. The C37:2 

alkenone biomarker is commonly targeted for this method for reconstruction, as it is 

produced by a small group of haptophyte algae whose biology is well known from 

modern observations, and uncertainties relating to changes in algal biology can be 

minimised compared to other biomarkers whose producers may not be as tightly 

constrained (de Bar et al., 2019).  

Mechanically, the proxy uses the δ13C of algal biomarkers to reconstruct the total δ13C of 

algal cells, assuming constant biosynthetic fractionation (Pagani, 2014). The δ13C of co-

occurring planktic foraminifera are used to reconstruct the δ13C of the CO2 gas, which is 

then reconstructed to give the δ13C of aqueous CO2 via an empirical equation (Mook et 

al., 1974). The fractionation between the δ13C of algal cells and the aqueous CO2 from 
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which they grew, or Ɛp, is inversely proportional to the concentration of aqueous CO2: 

[CO2]aq is reconstructed from Ɛp and empirically derived parameters representing the 

enzymatic fractionation during photosynthesis (Ɛf) and the total of physiological 

parameters also influencing algal δ13C (b), including the concentration of phosphate, cell 

size, and growth rate (Laws et al., 1995, 1997; Bidigare et al., 1997; Henderiks and 

Pagani, 2007, 2008). Finally, the relationship between [CO2](aq) and [CO2](g) can be 

determined via physical principles. Use of the alkenone pCO2 proxy is complicated 

during glacial/interglacial periods by potential use of carbon concentration mechanisms 

(CCMs) but match well with estimates made in higher CO2 conditions  (Stoll et al., 2019; 

Badger, 2021). Because of the influence of CCMs, decreases in sensitivity of the proxy at 

high [CO2], and the absence of C37:2 alkenones in sediments earlier than the Eocene, the 

proxy is most useful at moderate CO2 concentrations during the Cenozoic. Outside of this 

time interval, the proxy can be applied qualitatively or quantitatively to more generic 

algal biomarkers such as phytane (Witkowski et al., 2018) or short-chain n-alkanes 

(Naafs et al., 2016). However, as one of the major sources of uncertainty in the alkenone 

proxy are biological mechanisms which alter response to CO2 (Zhang et al., 2020) 

despite the producers of alkenones being known and their biology well constrained in 

the modern, use of more generic algal biomarkers risks unconstrained biological errors.  

Many mechanistic proxies for CO2, including both algal biomarker δ13C and others such 

as leaf gas exchange, require a reconstruction of temperature for their final calculation, 

as the physical and physiological processes linking CO2 to the measured proxy are also 

temperature controlled (Hayes et al., 1989; Pagani, 2014). With algal δ13C specifically, an 

accurate temperature reconstruction is essential to the use of the proxy, as both the 

magnitude of Ɛp and the solubility of CO2 in water are heavily dependent on it. Two 
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common methods of reconstruction of sea surface temperature (SST) in order to use as 

inputs for the determination of pCO2 from algal δ13C are discussed below.  

 

Biomarker-based reconstruction of temperature 

As changes in temperature fundamentally alter chemistry and response to changes in 

temperature are key to the survival of many organisms (Arrhenius, 1889), many 

biomarker-based temperature proxies have been proposed. These often consist of the 

ratios of multiple forms of a class of molecules, which are adjusted to maintain optimal 

physical properties for their function under a range of temperatures (Eglinton and 

Eglinton, 2008). The magnitude of all isotope effects are controlled by temperature, 

meaning all isotope-based proxies technically respond to temperature, but the 

magnitude of such effects may be small when compared to the effects of other 

environmental or biological factors (Bigeleisen and Mayer, 1947; Friedman et al., 1977; 

Pancost and Boot, 2004).  

Alkenones and UK’37  

Alkenones are a group of long-chained, unsaturated methyl and ethyl ketones that are 

solely produced by a single, monophyletic group of haptophyte algae (Marlowe et al., 

1990). Alkenone-producing algae likely first originated in the Cretaceous, and the C37:2 

alkenone is first found in sediments dating from the early Eocene (Farrimond et al., 

1986; Marlowe et al., 1990; Brassell et al., 2004; Brassell, 2014).  

The relative proportions of the C37 di- and triunsaturated ketones are used for 

temperature reconstruction via the alkenone unsaturation index (UK’37) defined as 
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 𝑈𝐾′37 =
𝐶37:2

𝐶37:2+𝐶37:3
 

(1) 

Since alkenones are produced by a single clade of haptophyte algae through geologic 

time and temperature reconstructions produced from UK’37 broadly match trends 

observed by other proxies, it is likely that either the relationship between UK’37 and 

temperature persists geologically, or every independent method for determination of 

palaeotemperature is also consistently wrong (Brassell, 2014). Changes to the processes 

of alkenone formation may affect the UK’37 ratio in ways that may not be detectable, but 

by using a molecule limited phylogenetically in its production, uncertainties are 

minimised in alkenones (Tierney and Tingley, 2018). In addition, alkenone-producing 

haptophytes leave additional fossil traces that can further be used to constrain changes 

to their biology (McClelland et al., 2017; Wilkes et al., 2018). However, their precise 

biological purpose and the mechanistic nature of the relationship between alkenone 

production and temperature is unknown: alkenones themselves are most likely 

synthesised as a store of energy but the precise reason for their temperature 

dependence is unclear (Eltgroth et al., 2005; Herbert, 2013). Therefore, the relationship 

between UK’37 and temperature is entirely empirical, and could theoretically shift on long 

timescales.  

(Prahl et al., 1988) where C37:2 and C37:3 represent the relative concentrations of the di- 

and triunsaturated ketones respectively. This index correlates empirically with 

temperature; the most commonly used temperature calibration is 
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 𝑇(°𝐶) =
𝑈𝐾′37−0.039 

0.034
 

(2) 

(Prahl et al., 1988). Although the UK’37 index correlates with parameters such as light 

levels and nutrient stress, these influences are considered secondary to temperature 

dependence (Versteegh et al., 2001; Prahl et al., 2003; Conte et al., 2006) 

The linear temperature relationship described by Equation 2 is considered a good 

approximation of core top determinations of alkenone temperature, but may not fully 

reflect temperature under specific circumstances (Müller et al., 1998; Conte et al., 2006; 

Tierney and Tingley, 2018). The relationship is fundamentally limited at its upper and 

lower ends where the concentration of C37:2 for cold or C37:3 for warm temperatures 

becomes very small. The C37:3 is entirely absent at very warm temperatures equating to 

29°C using the calibration of (Prahl et al., 1988), meaning the proxy cannot provide 

quantitative temperature information above this point. Below but near this threshold, 

and equivalently at temperatures <8°C, the proxy may also increase in uncertainty and 

may not be entirely linear (Sikes et al., 1997). Conte et al. (2006) suggested a third-order 

polynomial relationship would better reflect very high and very low temperatures, and 

the relationship becomes less certain as the C37:2 approaches saturation. It is debated 

whether the relationship becomes nonlinear at these temperatures. Pelejero and 

Grimalt, (1997) and Kienast et al. (2012) suggest the existing linear calibration is 

accurate, whereas Sonzogni et al. (1997), Müller et al. (1998), Conte et al. (2006) and 

Tierney and Tingley (2018) argue that temperatures are underestimated by Equation 2 

as the proxy approaches saturation.  
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Physical measurement of the proxy becomes an issue at high saturations, which may 

further compound this issue. Where the C37:3 is only present in very low concentrations, 

irreversible adsorption to capillary columns during chromatographic analysis can 

further reduce recorded concentration, leading to a warm bias and increased standard 

deviation (Villanueva and Grimalt, 1996). It has been suggested that nonlinear 

temperature calibrations can partially be attributed to column biases rather than an 

inherent feature of alkenone production (Herbert, 2013), further complicating 

determination of potential biases at warm temperatures, but the effect can persist even 

when low concentrations of the C37:3 are accounted for (Bentaleb et al., 2002).  

GDGTs and TEX86 

Isoprenoidal glycerol dialkyl glycerol tetraether lipids (GDGTs) are membrane lipids 

that are in marine settings primarily produced by Thaumarchaeota (Schouten et al., 

2013). Isoprenoidal GDGTs are GDGTs containing two biphytane chains connected to 

glycerol that contain varying numbers of cyclopentane and cyclohexane rings (Figure 3). 

They are abundant and ubiquitous in sediment, and resistant to degradation on geologic 

timescales, allowing their use to as an archive of palaeoclimate information at least into 

the Mesozoic (Jenkyns et al., 2012). 
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Figure 3: Chemical structure of GDGTs. From Schouten et al. (2013). 
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The relative abundance of different cyclopentane moieties in isoprenoidal GDGTs 

correlates with water temperature (Schouten et al., 2002; Kim et al., 2010). This is 

quantified as tetraether index of tetraethers consisting of 86 carbon atoms (TEX86), 

which uses the relative abundance of a selection of tetraethers containing 86 carbon 

atoms, defined as  

  

 𝑇𝐸𝑋86 =
(𝐺𝐷𝐺𝑇−2)+(𝐺𝐷𝐺𝑇−3)+(𝑐𝑟𝑒𝑛′)

(𝐺𝐷𝐺𝑇−1)+(𝐺𝐷𝐺𝑇−2)+(𝐺𝐷𝐺𝑇−3)+(𝑐𝑟𝑒𝑛′)
  

(3) 

(Schouten et al., 2002) where GDGT-1, -2, and, -3 represent GDGTs with the respective 

number of cyclopentane rings and cren’ is the regio-isomer of crenarchaeol (Figure 3). 

TEX86 linearly correlates with sea surface temperature according to: 

𝑇𝐸𝑋86 = 0.015𝑇 + 0.28 

(4) 

where T represents sea surface temperature (SST) in degrees Celsius (Schouten et al., 

2002). A more sophisticated approach uses Bayesian analysis to produce a probability 

distribution of predicted temperatures, and accounts for spatial variation in modern 

GDGT distributions, while increasing uncertainty in data-poor areas (Tierney and 

Tingley, 2014). 

TEX86 temperature reconstructions match calibrations well up to 30°C , while estimates 

of SST outside this range may be more uncertain as modern oceans rarely reach these 

temperatures, limiting the possibility for modern calibration of the proxy (Dunkley 
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Jones et al., 2020). Fundamentally, modern calibrations of the TEX86 proxy use the range 

of SST found in modern oceans, which generally do not exceed 30°C. Culture studies do 

not include the full range of modern GDGT producers, and often fail to reproduce the 

same temperature trends as core-top data, meaning their use for calibration of 

temperature reconstruction above 30°C is questionable. It is suggested that changes to 

the archaeal community composition may control GDGT distributions, and that the 

response of GDGTs to temperature may partially be driven by shifts toward 

communities more suited to different temperatures that also produce different GDGT 

distributions, rather than, as with alkenones, changes in production of GDGTs within 

individual species (Elling et al., 2017; Bale et al., 2019).  

Since SST in the geologic record can be >30°C and the stability of archaeal community 

compositions are hard to reconstruct on evolutionary timescales, use in hothouse 

conditions such as the Eocene requires extrapolating the GDGT-temperature 

relationship beyond the empirical relationships observed in the modern, and introduces 

further uncertainties. A machine learning approach to GDGT-based palaeothermometry 

has attempted to account for this by increasing uncertainty in temperature estimates 

where GDGT distributions are dissimilar to any observed in the modern, allowing for 

identification of data and time intervals where temperature reconstructions are most 

accurate (Dunkley Jones et al., 2020).  

Plant wax biomarkers 

Land plants produce many molecules that can be used as biomarkers (Freeman and 

Pancost, 2014). Of these, many are particular to certain plant groups (e.g. di- and 

triterpenoids for angiosperms and gymnosperms, respectively (Diefendorf et al., 2014)). 
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Long-chained n-alkyl lipids, however, are a class of land plant biomarkers whose origin 

is largely constrained to this group, but are ubiquitous within it (Busta and Jetter, 2018). 

Higher plant n-alkyl lipids are a suite of molecules found on plant surfaces which are 

characterised by long (>C20), straight-chained n-alkyl tails, and form via the acetogenic 

pathway of biosynthesis; this long n-alkyl tail leads to stability on geologic timescales 

(Buggle et al., 2010; Diefendorf et al., 2015c). Compound types commonly present 

include n-fatty acids, n-alkanols, n-aldehydes and n-alkanes (Samuels et al., 2008).  

n-Alkyl lipids are the dominant constituent of plant waxes, which form a protective layer 

on the surfaces of plants. As n-alkyl tails are extremely hydrophobic, the presumed 

primary function of plant waxes is to prevent water loss through the plant cuticle as a 

waterproofing agent (Riederer and Schneider, 1990). As waxes fulfil essential functions 

in mediating plant interactions with the environment, and are ubiquitous in land plants, 

they are presumed essential for plants’ survival on land (Gülz, 1994; Xue et al., 2017). 

Although other plant organs are also covered in wax, n-alkyl lipid concentration is 

significantly higher on the leaves, and thus when studied in the modern, the focus is 

generally on the wax present specifically on leaves (Mueller et al., 2012).  

Biosynthesis of n-alkyl lipids 

n-Alkyl lipids are synthesised from a substrate of acetyl coenzyme A (acetyl CoA) and 

elongated by sequential addition of acetyl-CoA derived carbon. Initial elongation up to a 

C18 unit takes place within the stroma of the plastid within epidermal cells using 

malonyl-CoA derived from acetyl-CoA (Wakil, 1961; Kunst and Samuels, 2003). The 

molecule is then transported to the endoplasmic reticulum for elongation using malonyl-

ACP also derived from acetyl-CoA, forming a final n-alkyl-ACP, of 20-34 C in length. 
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Different n-alkyl lipids are then formed via different pathways: n-Alkyl-ACP is initially 

converted to n-aldehydes, then either via decarbonylation to n-alkanes, secondary 

alcohols, and n-ketones, or via acyl-reduction to primary alcohols and wax esters (Post-

Beittenmiller, 1996). As the initial acetyl-CoA and derived moieties used for elongation 

all contribute 2 carbons to the chain, n-alkyl-ACPs generally contain an even number of 

carbons: a carbon is lost during decarbonylation, meaning n-alkanes, secondary 

alcohols, and n-ketones generally have odd numbers of carbons in their skeletons (Busta 

and Jetter, 2017). Smaller amounts of odd-chained n-alkyl-ACP units and resulting even-

chained decarbonylation products and odd-chained acyl-reduction products are 

produced via the same elongation process using an initial unit of propionate (Zhou et al., 

2010). The predominance of odd-over-even for products of decarbonylation and even-

over-odd for products of acyl reduction persists in n-alkyl lipids found in the 

sedimentary record, and is one of the key indicators that n-alkyl lipids found dissociated 

from their source originated from land plants (Cranwell, 1981).  

Long-chain n-alkyl lipids exhibiting the same alternating patterns of abundance are 

found in the protective coatings of insects (Chikaraishi et al., 2013) and fungal spores 

(Oro et al., 1966) but the contribution of these sources to the geologic record is 

considered minor compared to the contributions of plants since their biomass is much 

lower. Although individual locations may show alternating patterns of abundance due to 

alternate sources of n-alkyl compounds to higher plants (Zegouagh et al., 1998), they are 

generally considered diagnostic of this source (Freeman and Pancost, 2014).  
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n-Alkanes  

The n-alkane component is the most stable geologically due to the lack of functional 

groups (Cranwell, 1981). Due to this, the relative abundance of alkanes within leaf wax, 

and to the ease of their extraction, n-alkanes are the most commonly used n-alkyl lipid 

biomarker (Pancost and Boot, 2004; Jetter et al., 2006). Leaf wax n-alkanes have been 

reported to contain chains of 21 to 37 carbons in length, but which homologues are 

present within this range, and at what relative proportions, varies widely between 

plants. In general, plant wax n-alkane distributions are characterised by homologues 

ranging from C25-C33, with the highest abundance homologue between C27 and C31 (Bush 

and McInerney, 2013).   

Plant wax n-alkane homologue variability and associated proxies 

It was initially suggested that n-alkane chain length distributions could be used for 

chemotaxonomic purposes, where chain length distributions characteristic of species 

could be used to infer their presence in the geologic record (Eglinton et al., 1962). 

Subsequent research has found, however, that the relatively small number of 

homologues and wide variability within plant groups mean that, although individual 

plant n-alkane distributions may differ substantially, few trends are strong and 

consistent enough to allow attribution to specific plant groups in the geologic record 

(Bush and McInerney, 2013). The distribution patterns of n-alkanes vary widely 

between species at individual study sites, indicating species specificity, and are partially 

phylogenetically controlled (Maffei et al., 2004; Rommerskirchen et al., 2006; Diefendorf 

et al., 2015b) but outside of specific contexts, the overlap between different clades or 

functional groups precludes the use of n-alkane distributions to determine species 
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composition in the geologic record (Bush and McInerney, 2013). Modern use of n-alkane 

homologue distributions to determine palaeoclimate and palaeoenvironmental 

conditions has focussed on changes in different metrics of n-alkane distributions, and 

interprets these in the context of both plant clades and environmental conditions that 

may influence the relative proportions of homologues present.  

Average Chain Length 

Average Chain Length (ACL) represents the weighted mean average carbon chain length 

of all homologues of n-alkanes present within a sample, and is defined as  

 𝐴𝐶𝐿21−35 = ∑
𝑛[𝐶𝑛]

[𝐶𝑛]
35
𝑛=21  

(5) 

(Poynter et al., 1989) where each Cn represents the concentration of each n-alkane 

homologue, and n represents the number of carbons of the nth homologue. The range of 

homologues used to calculate ACL are variable; in its standard form, all homologues 

present are used to calculate ACL. In sediment samples where shorter homologues 

(<C25) typical of algal or macrophyte inputs are abundant, ACL can be calculated using a 

narrower range of homologues more typical of higher plants (Poynter and Eglinton, 

1990).  

Along environmental gradients and in modern plants, ACL has been shown to correlate 

positively with temperature and aridity (Dodd et al., 1998; Bendle et al., 2007; Sachse et 

al., 2010; Leider et al., 2013; Tipple and Pagani, 2013; Carr et al., 2014; Badewien et al., 

2015; Bush and McInerney, 2015; Eley and Hren, 2018; Wang et al., 2018b; Andrae et al., 

2019; Teunissen van Manen et al., 2019; Lu et al., 2020). However, neither two-way 
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relationship is conclusive on its own. When correlations are present, they tend to show 

large residuals and reflect different aspects of environmental conditions (e.g. mean 

annual temperature vs summer temperature (Wang et al., 2018a)), several studies fail to 

detect a measurable correlation with environment in ACL at all (Carr et al., 2014; 

Schwab et al., 2015), and several found some species correlated with 

temperature/precipitation and some did not along the same gradient (Hoffmann et al., 

2013; Cerda-Peña et al., 2020). A global compilation of ACL vs temperature data failed to 

detect a measurable correlation, suggesting such trends are limited to specific regions 

(Diefendorf and Freimuth, 2017). Aridity data is less often reported and often difficult to 

deconvolve from temperature effects, but also appears to covary inconsistently with ACL 

(Hoffmann et al., 2013; Bush and McInerney, 2015).  

Sedimentary n-alkanes represent an integrated signal of n-alkane contribution to the 

sediment record, which reduces the range of ACL observed from that of many individual 

plants into one average. This may act to average the effects of individual species on ACL, 

leaving a common climate signal: for example, soil n-alkane ACL has been suggested as a 

quantitative proxy for Vapour Pressure Deficit (VPD) but residuals remain large even 

with this averaging (Eley and Hren, 2018). However, questions remain over the 

processes controlling n-alkane integration to soil, lake and marine sediment archives 

(Diefendorf and Freimuth, 2017). Furthermore, in the geologic record, since species 

composition contributing to a sample is not known and often cannot be estimated, 

changes in ACL with environment must be deconvolved from potentially much larger 

shifts in ACL associated with changes in species composition, while species composition 

is also potentially changing due to shifts in the climate (Schouten et al., 2007; Smith et 

al., 2007). ACL is often reported in a palaeoclimatological context, but although 
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relationships between ACL and environment are suspected, they are often difficult to 

prove, and ACL is rarely used as an indicator of a specific environmental shift in 

isolation. It is instead used as a combined metric of environment and plant community: a 

change in ACL can be used alongside other proxies to support the overall interpretation 

of a record.  

Carbon Preference Index 

Carbon Preference Index (CPI) represents the proportion of odd to even chained n-

alkanes present in a sample. It is defined as: 

 𝐶𝑃𝐼 =
[∑ 𝐶𝑜𝑑𝑑(𝐶21−33)+∑ 𝐶𝑜𝑑𝑑(𝐶23−33)]

2 ∑ 𝐶𝑒𝑣𝑒𝑛(𝐶22−32))
  

(6) 

(Bray and Evans, 1961; Marzi et al., 1993). Almost all analysed land plants have a CPI>1, 

as is expected given their biosynthesis (Reddy et al., 2000; Zhou et al., 2010; Bush and 

McInerney, 2013). CPI is most often used as a metric applied to sedimentary n-alkanes 

to determine whether the original n-alkane signal may have been overprinted 

(Castañeda et al., 2009). In land plants themselves, CPI has a huge range: the average CPI 

recorded in the dataset of (Bush and McInerney, 2013) is 11.6 (meaning odd-chained 

homologues are 11.6 times more abundant than even) and 90% of recorded leaves have 

CPI<25.  

CPI of plants themselves are rarely used as a potential palaeoclimate proxy, and few 

trends of CPI with environment or plant type have been noted. Gymnosperms tend to 

have a lower CPI than angiosperms, and CPI appears to be somewhat controlled by 

phylogeny (Diefendorf et al., 2015b). Unlike ACL, CPI has not shown a relationship with 
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temperature or aridity on a regional scale (Carr et al., 2014; Bush and McInerney, 2015; 

Wang et al., 2018a) 

An extremely small increase in the recorded abundance of low concentration, even-

chained homologues can dramatically alter CPI. If an n-alkane sample is measured at 

extremely low concentration and no even-chained homologues are detected, CPI tends 

to infinity. If the same sample was run at higher concentration and it were determined 

that even-chained alkanes were 100 times less abundant than odd, CPI would be 

recorded as ~100: still extremely high, but very different from the initial result. 

Therefore, measurement of CPI requires careful determination of the difference between 

low concentration and no concentration of even-chained homologues, and care must be 

taken to run samples at a high enough concentration to detect these differences.  

Because of the wide range in n-alkane CPI present within plants, the use of CPI as a 

measure of fidelity to higher plant source is not generally quantitative. It is most often 

used as a threshold, where CPI<1 indicates samples should be considered potentially 

altered diagenetically. Alternatively, a low CPI may indicate substantial contribution of 

altered n-alkanes below a certain chain length, but defining CPI to include only longer 

chain lengths may still show substantial odd-over-even preference: in these cases, 

shorter homologues should be excluded when calculating ACL or δ13C of higher plant n-

alkanes in a sample (Bendle et al., 2007).  

Concentration 

The total concentration of n-alkanes per dry weight of leaf varies hugely, both within 

and between species, and has been detected in a range from <1 to >5000 μg/g (Bush and 

McInerney, 2013). In modern plants it is typically measured as n-alkanes per gram of 
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dried leaf material, but is sometimes reported as n-alkanes per leaf area. Since leaf 

density is not constant and area divided by weight is a proxy for plant growth rate 

(Poorter et al., 2009), this is a potentially important distinction, but due to the difficulty 

in recording leaf area as opposed to weight, it is less often reported and the two should 

broadly correlate on a regional scale.  

n-Alkane concentration in the sedimentary record is rarely comparable to n-alkane 

calculated directly from modern plants by dry weight, as n-alkanes are dissociated from 

source material and the original dry leaf weight is lost. Furthermore, n-alkanes are 

potentially transported thousands of kilometres through both riverine and aeolian 

transport mechanisms, and the precise size of the catchment the n-alkanes originated 

from is generally unknown, let alone the original volume of vegetation present (Vogts et 

al., 2012; Yang et al., 2021).  

Knowledge of specific plant groups’ patterns in n-alkane concentration can however be 

useful in interpretation of other n-alkane data. For example, succulents in South Africa 

have much higher n-alkane concentration than co-occurring vegetation, meaning they 

may give an outsize contribution to n-alkane sedimentary records in this area. Since 

succulents commonly use the Crassulacean Acid Metabolism (CAM) photosynthetic 

pathway, and CAM plants have a differing δ13C signature to both C3 and C4 plants, this 

may bias a n-alkane δ13C record produced in the region (Carr et al., 2014). Similarly, 

gymnosperms produce lower concentrations of wax than angiosperms (Bush and 

McInerney, 2013), although it has been suggested that this may be limited to northern 

hemisphere taxa (Diefendorf et al., 2015b): therefore, where n-alkane records are used 
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in regions containing both clades, knowledge of n-alkane concentrations may suggest 

that the record is biased toward angiosperms (Diefendorf et al., 2011).  

Plant wax n-alkane isotopes 

Plant wax n-alkanes contain both carbon and hydrogen atoms, the isotopic composition 

of which are a powerful tool in interpretation of both the environments in which their 

progenitor plants grew, and their response to said environment. In general, the δ13C of 

n-alkanes are interpreted as representing the relative proportions of photosynthetic 

mode of the plants which contributed to a sample (O’Leary, 1988; Cerling et al., 1997; 

Tipple and Pagani, 2010) or, in the absence of C4 plants, species community composition 

and response to changes in water availability (Schouten et al., 2007; Tipple et al., 2011; 

Schlanser et al., 2020). Hydrogen isotopes are generally interpreted in terms of the 

source δD of precipitation and, potentially, evapotranspiration (Sachse et al., 2012; 

Kahmen et al., 2013).  

δ13C  

The main factors influencing the δ13C of n-alkanes can be summarised as the δ13C of 

atmospheric CO2, fractionations during the photosynthetic fixation of CO2 into glucose, 

and post-photosynthetic fractionation during n-alkane biosynthesis (Figure 4). The δ13C 

of plant tissue is heavily influenced by the photosynthetic mode of the plant: the average 

C3 plant δ13C is around -28.5‰, whereas the average C4 plant δ13C is around -12‰ 

(Cerling and Harris, 1999; Kohn, 2010). CAM photosynthesis produces a broader range 

of isotopic compositions and, for plants which display facultative CAM, switches 

between photosynthetic mode based on environment can further alter δ13C (Osmond et 

al., 1975; Mooney et al., 1977). In aquatic plants, further δ13C shifts can be caused due to 
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adaptations to low dissolved CO2 levels: use of bicarbonate as well as dissolved CO2 

leads to an increase in δ13C, and it is possible that the aquatic carnivorous plant genus 

Utricularia may have anomalously depleted δ13C in some cases, due to incorporation of 

carbon from their prey (Mendonça et al., 2013; Warren et al., 2021). This thesis will 

focus on C3 photosynthesis only, as a) the majority of modern plants use this mode, 

including all of those studied here, and b) it is assumed that all plants prior to the 

evolution of C4 plants at some point in the Cenozoic used this mode (Tipple and Pagani, 

2007).  

 

Figure 4: Average δ13C of atmospheric CO2, bulk δ13C, and n-alkane δ13C in C3 plants 

(data from Cerling and Harris (1999), Keeling et al. (2001); and Tipple and Pagani, 

(2010)) 
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δ13C of atmospheric CO2  

On a regional scale, the δ13C of atmospheric CO2 is generally consistent spatially (Keeling 

et al., 2005b). It is, however, currently decreasing at a geologically unprecedented rate 

due to anthropogenic climate change, as the δ13C of fossil fuels is extremely isotopically 

light (Andres et al., 2000; Saurer et al., 2004). On geologic timescales, atmospheric δ13C 

is also variable: over the course of the Cenozoic it has varied by around 2‰ (Tipple et 

al., 2010). Atmospheric δ13C is ultimately controlled by carbon cycle dynamics, and can 

be reconstructed on geologic timescales from the carbon isotopic composition of CO2 

bubbles in ice cores and the δ13C of planktic foraminiferal tests (Francey et al., 1999; 

Tipple et al., 2010). Generally, the δ13C of atmospheric CO2 is well constrained in 

comparison to the fractionations applied by biological processes within plants 

(Diefendorf et al., 2015a). A signal of atmospheric δ13C is observed in the δ13C of C3 

plants through the phanerozoic, but fractionations during and after photosynthesis due 

to other biological and environmental factors mean use of C3 plant material as a tracer of 

atmospheric δ13C is not practical, partially due to the presence of other, better 

constrained methodologies (Arens et al., 2006; Lomax et al., 2012).  

It should be noted that the direct impacts of atmospheric δ13C on photosynthetic and 

post-photosynthetic fractionations are unknown. This is of relevance as experimental 

studies examining the impact of pCO2 on plant δ13C generally use CO2 gas which is far 

more depleted in 13C than atmospheric CO2. Thus, it is possible that in these studies, 

including those presented later in this thesis, effects on carbon isotope fractionation and 

plant biology in general attributed to CO2 changes may be due to co-occurring changes in 

atmospheric δ13C (H. Zhang et al., 2019; Lomax et al., 2019). There is currently no known 
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mechanism by which this would substantially occur, and no direct evidence it is the case, 

but the potential for an effect should not be discounted.  

Carbon isotope fractionations during photosynthesis 

Ultimately, the source of carbon for photosynthesis is CO2. In C3 plants, this imparts a 

large isotopic fractionation: the current δ13C of the atmosphere is ~-8.7‰, whereas the 

average δ13C of C3 plant tissue is between -23 and -31.5‰ (Kohn, 2010).  

The difference in δ13C between atmospheric and bulk plant tissue in C3 plants is 

expressed in terms of carbon isotope discrimination, Δ13C, according to:  

 Δ13C =  
δ𝑎𝑡𝑚𝑜−δ𝑝𝑙𝑎𝑛𝑡

1+ δ𝑝𝑙𝑎𝑛𝑡
 

(7) 

(Farquhar et al., 1989) where δatmo and δplant represent the δ13C of atmospheric and plant 

photosynthate respectively. Δ13C is controlled according to: 

 Δ13C = 𝑎 + (𝑏 − 𝑎)
𝐶𝑖

𝐶𝑎
 

(8) 

(Farquhar et al., 1989) where a represents fractionation due to diffusion of CO2 in air, 

and is approximately 4.4‰ (Craig, 1953; Cerling et al., 1991), b is fractionation due to 

carboxylation, and is mainly caused by enzymatic fractionation of ribulose-1,5-

bisphosphate carboxylase-oxygenase (Rubisco), approximately 29‰ (Roeske and 

O’Leary, 1984), and Ci and Ca are the partial pressures of CO2 in the intercellular space 

and atmosphere respectively. Equation 8 can be further extended to allow for biological 

effects such as mesophyll conductance and photorespiration and environmental effects 
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such as boundary layer diffusion, but in practice, the simplified form is sufficient given 

other uncertainties when using Δ13C in the geologic record (Tipple and Pagani, 2007; 

Franks et al., 2014).  

In general, bulk (or average) photosynthetic plant tissue (i.e. tissue taken from leaves 

rather than wood or roots) is assumed to represent the average δ13C of carbon fixed by 

photosynthesis; assuming that no C is lost after photosynthetic incorporation, bulk δ13C 

must represent the initial photosynthetic carbon pool. This assumption is not strictly 

correct as photorespiration releases CO2, changing the mass balance, but the broad 

relationship between bulk plant tissue carbon and photosynthetically incorporated 

carbon is unchanged (Cernusak, 2018).  

The relationships between environment, Ci/Ca, and Δ13C have been extensively studied 

experimentally (Beerling and Woodward, 1995; Ehleringer and Cerling, 1995; 

Scheidegger et al., 2000; Saurer et al., 2004; Lomax et al., 2019). Ci is actively controlled 

by plant physiological processes, and can be actively controlled by altering stomatal 

conductance (gs).  

Stomatal conductance is the rate of movement of gases into and out of a leaf. It is 

controlled by stomata; pores on the surface of leaves surrounded by two stomatal guard 

cells, which increase or decrease turgor pressure to change the size of the pore. A higher 

stomatal conductance allows CO2 to enter the plant at a greater rate, but allows a 

proportionate amount of water vapour to leave through the same opening. Stomatal 

movements are highly dynamic and respond rapidly to water stress by opening and 

closing, which decreases Ci if Ca remains constant (Drake et al., 2013; Gardner et al., 

2022). 
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Δ13C is often reformulated as the intrinsic water-use efficiency of a plant, or the ratio of 

carbon assimilation to water loss (A/E). A and E both increase with stomatal 

conductance (gs) nonlinearly, such that the water use efficiency decreases with gs. With a 

constant Ca, this results in a tradeoff whereby opening stomata more widely allows more 

CO2 to enter the leaf, but decreases the water use efficiency (Cowan, 1978; Farquhar et 

al., 1989; Cernusak, 2018). In water-limiting environments this tradeoff becomes critical 

to plant survival, and plants decrease gs to maximise the amount of CO2 takeup per unit 

water loss. In environments where water is not limited, gs increases. As gs increases with 

Ci/Ca, this means that, in C3 plants, assuming stomatal response is optimised to 

environment, Δ13C increases in wetter environments and increases in more arid ones. 

Globally, Δ13C correlates to mean annual precipitation and this relationship is presumed 

to hold in the geologic record (Diefendorf et al., 2010; Kohn, 2010; Reichgelt et al., 

2020). 

The response of Δ13C to changes in pCO2 are less clear. In the absence of an adjustment 

to carbon assimilation rate or gs, elevated pCO2 will raise Ci/Ca (Scheidegger et al., 2000). 

However, plants actively respond to CO2 by decreasing gs, which acts to reverse the 

increases in Ci/Ca: depending on the magnitude of response, Ci/Ca can increase, decrease, 

or remain constant (Saurer et al., 2004). It is debated conceptually, and sometimes 

assumed geologically, that plants actively maintain a constant Ci/Ca with CO2 

concentration as a set point, and only vary it with water (Ehleringer and Cerling, 1995; 

Smith et al., 2007). 

The measured response of Δ13C to pCO2 varies between studies and appears heavily 

dependent on the timescales on which pCO2 is altered: growth chamber studies, which 



30 
 

are generally run for timescales ranging from weeks to months, report increases in Δ13C 

with pCO2 (Schubert and Jahren, 2012; Lomax et al., 2019), whereas FACE experiments, 

which tend to run for up to 10 years, report a slight decrease in Δ13C with CO2 

(Ainsworth and Long, 2005; Battipaglia et al., 2013). Studies of Δ13C in tree ring cellulose 

from pre-industrial to modern CO2 concentrations show that Ci/Ca is constant (Saurer et 

al., 2004) or has decreased (Gagen et al., 2011; Gomez-Guerrero et al., 2013); it has been 

observed that the response of Ci/Ca to pCO2 may have shifted from constant to a 

decrease in the latter half of the 20th century, as both the total concentration and the rate 

of change of CO2 concentration in the atmosphere have increased (Gagen et al., 2011; 

Weiwei et al., 2018). However, since Ci/Ca also responds to changes in water supply, 

deconvolving the effects of CO2 from co-occurring droughts is challenging. On geologic 

timescales, Ci/Ca must not strongly respond to pCO2, as carbon isotopes recorded during 

high-CO2 periods such as the Eocene are similar to modern values (Diefendorf et al., 

2015a; Kohn, 2016). A slight negative relationship between Δ13C and CO2, representing a 

slight decrease in Ci/Ca was suggested in (Schlanser et al., 2020), but on geologic 

timescales, it is difficult to deconvolve the impacts of changes in CO2, co-occurring 

changes in hydrology, and changes in plant biology, considering how the uncertainties of 

all increase moving back in time.  

Post-photosynthetic carbon isotope fractionation in n-alkanes  

The difference between bulk plant and n-alkane δ13C is defined using epsilon notation 

as: 
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 휀𝑙𝑖𝑝𝑖𝑑 = [(
𝛿𝑙𝑖𝑝𝑖𝑑+1000

𝛿𝑙𝑒𝑎𝑓+1000
) − 1] × 1000 ≈  𝛿𝑙𝑖𝑝𝑖𝑑 − 𝛿𝑙𝑒𝑎𝑓  

(9) 

(Hayes, 2001). Generally speaking, epsilon notation of isotope effects reflects the 

difference in composition applied during a single reaction, which is not the case for the 

complex series of biochemical reactions which collectively synthesise n-alkanes from 

photosynthetic carbon pools, but the mathematical relationship between the two follows 

Equation 9. Similarly, epsilon notation can be used as a measure of the difference in 

isotopic composition between two related compounds, even if one is not a direct 

precursor of the other. It should further be noted that although Equation 9 approximates 

the fractionation occurring between the photosynthetic carbon pool and n-alkanes 

synthesised from it, bulk plant tissue may not perfectly represent the photosynthetic 

carbon pool used for n-alkane synthesis (Diefendorf et al., 2021). 

In C3 plants, lipids are 3-5‰ depleted in 13C relative to bulk plant material (Park and 

Epstein, 1961; Hobbie and Werner, 2004; Bowling et al., 2008). n-Alkanes are further 

depleted in 13C relative to bulk (Collister et al., 1994). Cumulatively, this implies post-

photosynthetic isotopic fractionation occurs at multiple points during the biosynthesis 

of n-alkanes. Relative to bulk, lipids are depleted in 13C largely due to a kinetic isotope 

fractionation applied during the carboxylation of pyruvate to form acetyl CoA (DeNiro 

and Epstein, 1977) but details of the magnitude of isotope effects downstream of this are 

unclear. δ13C is more variable in lipids produced via the acetogenic pathway than lipids 

produced via the mevalonic acid (MVA) pathway (including sterols) or the 2-C-methyl-d-

erythritol-4-phosphate (MEP) pathway (including phytol). This was attributed to the 

large range of biomolecules resulting from acetogenesis, implying many different 
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opportunities for branching (Chikaraishi et al., 2004a, b) which therefore implies 

isotope effects during the transformation of n-alkyl-ACP to final n-alkyl lipids can have a 

significant effect. n-Alkanes are systematically enriched in 13C compared to n-alkanols 

and n-fatty acids (Chikaraishi and Naraoka, 2007). This is probably partially because 

during decarbonylation of n-alkyl-ACP, one carbon is removed. The initial acetyl-CoA 

units’ isotopic composition is position-specific and the final carbon (equivalent to the 

carboxyl carbon on the initial acetyl-CoA unit) is depleted in 13C compared to the methyl 

position (DeNiro and Epstein, 1977). However, the magnitude of depletion of the 

carboxyl carbon necessary to account for the difference is unrealistically large and 

further causes of this enrichment are unknown (Chikaraishi and Naraoka, 2007).  

The effect of environment on εlipid is not extensively documented. It is known to vary 

between species with some phylogenetic control – for example, εlipid is smaller in 

gymnosperms than angiosperms, and may be lower in C3 plants than C4  (Tipple and 

Pagani, 2010; Diefendorf et al., 2011). Changes with environment are less clear: 

Diefendorf et al. (2021) found an increase in magnitude of εlipid in Juniperus 

monosperma grown under drought conditions for four years, but no effect of 

temperature. Huang et al. (1999), Schubert and Jahren (2012) and Zhang et al. (2019) all 

either studied or reported data on εlipid in differing CO2 concentrations. Schubert and 

Jahren (2012) and Zhang et al. (2019) both found εlipid decreased in higher CO2, 

whereas Huang et al. (1999) found no effect. All of these studies were short-term and 

the influence of CO2 does not appear to be consistent between the species studied. 

Finally, a systematic review of published εlipid data (Basu et al., 2021) found few 

consistent trends: εlipid appeared to decrease with increasing temperature and 

precipitation in angiosperm trees but in no other groups, and CO2 had a weak effect only 
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in deciduous herbs. However, the full dataset used was not phylogenetically controlled, 

and although it contained many data points, there were relatively few studies contained 

within, meaning influence of the specific species and study conditions could obscure 

trends. Furthermore, for CO2, there are no spatial gradients in the modern to measure 

response of εlipid over globally; response to CO2 was determined using CO2 values 

reconstructed from atmospheric values in the year of sample collection, and from 

calculation of concentration with altitude. The range of atmospheric CO2 concentrations 

in the atmosphere only varied over ~40 ppmv during the interval for which εlipid  could 

be calculated, and considering altitude corrections only increases to 90 ppmv. It is also 

questionable whether all CO2 effects would be accounted for by using altitude-based 

corrections for CO2 partial pressure, or whether εlipid could be separately driven by 

altitude-independent changes such as the CO2:O2 ratio. 

Further research is necessary to determine:  

a) How εlipid varies with environment, be it linearly or with some other relationship,  

b) Whether it varies systematically, and if factors such as phylogeny and growth form 

influence its response,  

c) Whether timescale of exposure to changes in environmental conditions influence 

response, and finally,  

d) How these changes can be studied and accounted for in the geologic record.  

Aims and objectives for this thesis 

The aim of this thesis is to investigate the impact of high CO2 climate states on two of the 

most commonly used biomarkers for environmental reconstruction. Both n-alkanes and 

alkenones are produced by autotrophs which rely on CO2 uptake to produce biomass: 
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for this reason, their biology is profoundly affected by its concentration. Yet, in both 

instances, neither direct responses nor indirect consequences of higher than ambient 

CO2 concentrations on either group are fully understood, with implications for the 

interpretation of the behaviour of both biomarkers geologically. In particular, examining 

and understanding biomarker – and thus biological – response to CO2 in laboratory 

conditions and theoretical models inevitably simplifies both the organism and the 

environment in which it lives. In order to truly understand biomarker response to CO2, it 

cannot be changed in isolation as CO2 does not change in isolation naturally, and the 

interplay between CO2 concentration, other environmental conditions such as 

temperature and seasonal cycles, and changes to the way organisms respond to their 

environments physiologically, biochemically, and phenologically will be examined.  

This thesis aims to examine the behaviour of three commonly used metrics by which 

alkenones and n-alkanes are determined – n-alkane chain length distributions and 

carbon isotopic composition, and alkenone carbon isotopic composition – under high 

CO2 conditions, both in modern experiments and in the geologic record. In particular, it 

aims to examine CO2-biomarker relationships in the context of the changes in biology 

driving biomarker responses to CO2, and dissect the assumptions used when 

interpreting these relationships geologically.  

In order to achieve this, the following research questions are addressed: 

Research question 1: How does increasing atmospheric CO2 concentration 

influence the chemical and isotopic composition of n-alkane biomarkers? What 

environmental and/or biological processes control any CO2 response? Are any 

mechanisms implicated in n-alkane response to CO2 likely to persist on geologic 
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timescales? Chapter 3 aims to examine whether changes to the distribution patterns of 

n-alkane homologues are altered by CO2, and whether n-alkane production changes 

under elevated CO2 due to changes in plant-water relationships. Chapter 4 examines the 

carbon isotopic change induced during post-photosynthetic processes under elevated 

CO2, and examines both environmental and biological mechanisms that may drive such 

trends.  

Research question 2: Is plant n-alkane response to CO2 specific to species, growth 

season timing, or specific n-alkane homologues? What are the implications for 

differences in CO2 response for interpretation of n-alkanes in the geologic record? 

Chapter three discusses the timescale needed for n-alkanes to respond to both pCO2 and 

a co-occurring drought, and Chapter four examines whether changes to εlipid can be 

induced by changes in the ontogeny of leaf wax production under elevated CO2, and 

whether CO2- induced changes to alkane δ13C are expressed evenly across different 

alkane homologues, and in branched as well as n-alkanes. Both chapters also contrast 

the response of the two study species throughout the study.  

Research question 3: How do extremely high temperatures and CO2 

concentrations in the early Eocene affect the alkenone δ13C proxy for atmospheric 

pCO2? Does the diffusive model for pCO2 give realistic results for this time interval, and 

what biological and environmental parameters influence its predictions the most? Can 

alkenone δ13C values be used quantitative under early Eocene oceanographic conditions, 

and, if not, what can qualitative interpretation of trends in pCO2 reconstruction say 

about both the Eocene environment and how alkenone producers responded to it? 

Chapter five examines an alkenone pCO2 reconstruction for the early Eocene under 
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several different scenarios for biological and oceanographic constants, and evaluates 

their impact for the sensitivity of the proxy. It also compares reconstructed values with 

existing pCO2 reconstructions from alternate proxies in the early Eocene, in order to 

move toward a consensus pCO2 value for the interval. 
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Chapter 2: Methods 

Leaf samples 

BIFoR FACE 

All leaf samples were obtained from the Birmingham Institute of Forest Research’s Free 

AIR CO2 Enrichment experiment (BIFoR FACE). The site is located within a 19.1 ha 

temperature deciduous forest: the canopy is dominated by Quercus robur (pedunculate 

oak). The forest understorey contains coppiced C. avellana (common hazel), A. 

pseudoplatanus (European sycamore), Crataegus monogyna (common hawthorn), and 

Ilex aquifolium (common holly).  

The site consists of six roughly circular arrays of around 30 m diameter located in 

Staffordshire, UK (52.801°N, 2.301°W) surrounded by steel towers used to fumigate the 

forest with +150 ppmv CO2 from levels measured above the canopy in control arrays 

(aCO2). CO2 is injected into fumigated (eCO2) arrays via vents within the towers at all 

levels of the forest. Three arrays (1, 4, and 6) are used for CO2 fumigation, and three (2, 

3, and 5) are left at ambient CO2 concentrations as a control.  

CO2 fumigation began on 1st April 2017 and has continued through the growth season up 

until the present. Fumigation takes place from 1st April to 31st October each year during 

daylight hours, in order to target CO2 release to times where photosynthesis occurs. 

Fumigation is halted when air temperature is <4°C as photosynthetic carbon uptake 

below this temperature is considered negligible. It is also stopped during periods of high 

wind (15 mins with average wind speed>8ms-1) as under these conditions, constant CO2 

enrichment cannot be maintained without wasting large quantities of gas. CO2 

concentration was maintained within ± 20% of its target value for 97% of operation 
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time as of 2019. Cross contamination of CO2 from fumigated to control arrays is possible 

with strong cross winds, but has an extremely minor impact on CO2 concentration in 

ambient arrays (Hart et al., 2019). 

Weather data 

Weather data between 2017 and 2022 was taken from the nearby Shawbury weather 

station (52.795°N, 2.663°W). Monthly average temperature and precipitation data were 

obtained from the Met Office, and can be retrieved at 

https://www.metoffice.gov.uk/pub/data/weather/uk/climate/stationdata/shawburyd

ata.txt 

Leaf collection 

Leaves were collected from approximately head height from specimens of A. 

pseudoplatanus and C. avellana. One sample of each species was taken per ambient and 

enhanced array (6 total per month). Samples were picked and immediately wrapped in 

aluminium foil. On collection, leaves were immediately frozen at -20°C and transported 

to the University of Birmingham. Samples were then split in two down the central vein 

for a) bulk isotope, and b) lipid analysis. Stems of A. pseudoplatanus were discarded; 

stems of C. avellana were smaller and were not removed.  

Of all species present at BIFoR FACE, A. pseudoplatanus and C. avellana were used in 

order to compare the differing responses of two species. Of the four species which had at 

least one specimen present in every array from the beginning of the experiment (A. 

pseudoplatanus, C. avellana, Ilex aquifolium and Quercus robur), I. aquifolum was 

excluded because, as an evergreen study, it could not be confirmed that all leaf biomass 

accumulation took place under the elevated CO2 treatment conditions, from April to 
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October. For the remaining three species, CO2 switch-on occurred after leaf flush, and 

was switched off after senescence. Leaves were also not collected from Q. robur as they 

were not accessible from ground level, limiting the volume of sample available and the 

number of replicates that could be analysed. For A. pseudoplatanus and C. avellana, 

sampling took place at head height in order to minimise isotopic variability due to tree 

height (Martinelli et al., 1998).  

Leaves were collected approximately monthly from the BIFoR FACE facility, throughout 

the growth season from 2018 until 2021. Samples of up to 6 leaves were taken. To 

increase the number of replicates, a further set of samples of C. avellana were taken on a 

single date in July 2022 consisting of 16 eCO2 and 13 aCO2 samples from 14 and 12 trees 

respectively.  

Initial processing 

Leaves were processed and waxes were extracted at the University of Birmingham. The 

majority of leaves were split in two (Figure 1), with one half used for wax extraction and 

one homogenised for bulk analysis. 

A subset of leaves were not divided in two. When this occurred, one point per leaf was 

removed using a scalpel, dried, and stored separately for bulk isotope analysis without 

homogenisation. These points were placed approximately in the positions indicated in 

Figure 1, between major veins, to minimise intra-leaf variability. Samples which were 

homogenised vs samples were a subsample was taken for bulks are indicated in Table 

A2. The difference between samples homogenised and not homogenised was 

determined to be minimal (Figure 2).  
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Figure 1: Division of leaves for bulk isotopic and n-alkane analysis for a) homogenised 

samples, and b) non-homogenised samples  

Leaf bulk δ13C analyses 

Homogenisation 
Where homogenised, all leaves were placed into a plastic sample tube together with two 

stainless steel beads, which were cleaned in acetone and deionized water between use. 

Leaves were then ground for 240 seconds in a SPEX™ 1600 MiniG. Samples were then 

examined and crushed a second time if not fully homogenised. Approximately 3.5 mg of 

powdered leaf was weighed into tin cups for bulk isotope analysis in Birmingham, and 

approximately 0.25 was weighed for analysis at the Institute of Low Temperature 

Science, Hokkaido University, Japan. Where samples were not homogenised, a small 

piece of each leaf within the sample were combined, so that the average of all leaves 

within the sample was measured.  

EA-IRMS 
Leaf samples were analysed for bulk δ13C at the University of Birmingham and Hokkaido 

University. A list of samples and their analysis site are in Table A2. 25 samples were 

analysed in both Birmingham and Hokkaido to allow for comparison of the two. 

At Hokkaido University, samples were analysed for δ13C using an Elementar© Vario 

ISOTOPE coupled to an IsoPrime vision isotope ratio mass spectrometer. An acetalinide 

a) b) 
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standard of known isotopic composition was used to calibrate δ13C relative to the PDB 

isotope reference. Three replicates were run of all samples. Long-term analytical 

precision for samples run in Hokkaido was within 0.2‰.  

At the University of Birmingham, samples were analysed for stable-isotope and 

elemental composition using an Elementar© Vario Pyrocube elemental analyser (EA) 

coupled to an Isoprime-20© isotope-ratio mass-spectrometer (IRMS). More details on 

the EA can be found here (https://www.elementar.com/en-gb/products/stable-isotope-

analyzers/ea-inlets/vario-pyro-cube). 

δ13C and δ15N analyses were run sequentially on the same sample but due to the high CN 

ratio, an in-line diluter was used to reduce the size of the carbon peak. Data was 

calibrated using a range of commercial isotopic and elemental standards, all of which 

were traceable back to IAEA standards. Long-term analytical precision of samples run in 

Birmingham was within 0.1‰. 

No systematic difference was detected between homogenised and non-homogenised 

samples run in Birmingham (Figure 2b, t-test, p=0.6). No samples run in Hokkaido were 

homogenised.  

A systematic offset was detected between bulk isotope samples run in Hokkaido 

compared to Birmingham (Figure 2a). To account for this, the mean difference between 

samples where replicates were run in both Birmingham and Hokkaido was calculated (-

0.46‰. To account for this, 0.46‰ was added to all raw bulk isotope values generated 

from Hokkaido to normalise them to Birmingham values. Where samples were 

measured both in Birmingham and Hokkaido, the Birmingham value was used, as the 
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majority of samples were run in Birmingham, and the majority of Birmingham samples 

were homogenised, unlike Hokkaido.  

 

Figure 2: Difference in bulk δ13C between a) sample run location, and b) whether sample 

was homogenised 

Laboratory 

Cleaning 

All cleaning procedures were used both for processing of leaf and sediment samples.  
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Glassware 

All glassware was wrapped in aluminium foil and furnaced at 450°C for 8 hours before 

use. After use, reusable glassware (e.g. test tubes, beakers) were scrubbed with a brush 

and soaked for 12-24 hours in a bucket containing Lipsol™ detergent and tap water. 

They were then scrubbed again and moved to a secondary bucket, also containing 

Lipsol™ and tap water. Finally, they were rinsed thoroughly with tap water and left to 

drip dry, whereupon they were furnaced as above.  

Column consumables 

Silica gel was deactivated using 5% back-extracted ultra-pure water, and furnaced at 

450°C prior to use for 8 hours.  

Leaf samples 

Extraction 
Both sediment and leaf samples were extracted via ultrasonication. For leaves, 

approximately 0.5g of dried leaf was weighed and placed in a glass 50ml test tube. 

Samples were ultrasonicated for 10 minutes in 9:1 DCM:MeOH (HPLC grade 

dichloromethane: HPLC grade methanol), whereupon solvent was decanted into 500ml 

test tube, and the sample was re-immersed in solvent. This was repeated three times.  

The resulting total lipid extract (TLE) was evaporated at 40°C under a partial vacuum, 

using a Buchi Syncore connected to a Buchi Vacuum pump V-700. The samples were 

then filtered into a pre-weighed 8ml vial through a glass Pasteur pipette containing glass 

wool that had first been rinsed through with DCM to remove any remaining leaf matter. 

The resulting 8ml vials were covered loosely in tin foil to avoid contamination with dust 

and air dried. When dried, samples were weighed to obtain the TLE weight. 
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Columns 
Compounds were separated from the total lipid extract via column chromatography. 

Pasteur pipettes were plugged with glass wool, rinsed through with DCM, and left to dry. 

2ml 5% deactivated silica gel was then packed into the column. The sample was then 

redissolved and eluted through the silica column. 

To extract n-alkanes from leaf samples, columns were eluted using 1) 5ml hexane, 2) 

5ml DCM, and 3) 5ml MeOH to obtain fractions N1-3 respectively. Samples were 

captured in 8ml glass vials, dried down, and transferred to autosampler vials. Fractions 

N2 and N3 were archived with no further analysis. 

Sediment samples 

In addition to leaf samples from BIFoR, a separate set of Eocene sediments were 

analysed for alkenones. These were taken from Site 16/28-sb01 in the North-east 

Atlantic (54.0222°N 13.5143°W) and were acquired in 1999 by the MV Bucentaur, 

undertaken by the Rockall Studies Group of the Petroleum Infrastructure Program (PIP) 

Ireland. Full site details are in Chapter 5.  

Samples from Site 16/28-sb01 were extracted at the University of Birmingham by 

Bethany Chamberlain, supervised by Dr Heiko Moossen. All samples were freeze dried 

and homogenised using a glass pestle and mortar prior to extraction. 6-16g of sediment 

was analysed per sample.  

Extraction 
Samples were extracted using 20 ml DCM:MeOH (3:1, v/v) and vortexed, followed by 20 

minutes of sonication, heated to 40°C for one hour, and centrifuged at 1000 reps/min for 

3 minutes. Solvent was then decanted into a 100ml test tube. The process was repeated 
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for a total of four times to produce a total lipid extract (TLE). Sediments were dried and 

transferred to 8ml vials as with leaf samples. 

Columns 
Pasteur pipettes were plugged with glass wool, rinsed through with hexane, and left to 

dry. As with leaves, 2ml 5% deactivated silica gel was then packed into the column. The 

sample was then redissolved and eluted through the silica column. 

To separate sediment samples, the TLE was split into four fractions: 1) 4ml hexane, 

containing aliphatics, 2) 2ml 2:1 hexane:DCM, containing aromatics, 3) 4ml DCM, 

containing aldehydes, ketones, and alkenones, and 4) 5ml MeOH, containing polar 

compounds, including GDGTs. Each fraction was then dried down under nitrogen and 

transferred into autosampler vials. The N3 fraction was then analysed for alkenones. To 

filter for GDGTs, the N4 fraction was redissolved in 500 μl 99:1 hexane:isopropanol and 

passed through a 0.45 μm polytetrafluorethylene filter.  

Analytical 

GC-FID and GC-MS 

Sediment samples were analysed for alkenones (N3 fraction) and leaf samples for n-

alkanes (N1 fraction) using an Agilent 7890B GC-flame ionisation detector (GC-FID), 

using a splitless mode Agilent 7693 autosampler at 330°C. A HP1-MS 60m Agilent 

19091S-916 column was used, with a 100% dimethylpolysiloxane stationary phase, 

using compressed air as the carrier gas. The oven temperature program held at 60°C for 

one minute, before ramping to 150°C at 30°C/minute, then to 320°C at 3°C/minute, for a 

total runtime of 66 minutes for the N1 fraction, and was held at 320°C for an additional 
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ten minutes for the N3. The FID was held at 300°C throughout. A hexane blank was run 

before, every 10 samples, and after each run to check GC-FID performance. 

Leaf samples were initially run at 500μl. n-Alkanes were identified and quantified using 

a C10-C40 even numbered n-alkane standard (Sigma Aldrich), at 10μg/ml concentration, 

run at the beginning of each sample run. Sample peaks were quantified using Agilent 

MS-ChemStation. Where n-alkane concentrations <2 μg/ml for the highest concentration 

homologue, samples were transferred to inset vials and concentrated to 100μl, then 

rerun and integrated at the higher concentration. Sediment samples were initially run at 

100μl, and then 20μl. An example chromatogram for the N1 fraction of leaf sam 

A subset of samples were run via GC-MS to confirm identity of alkenones and n-alkanes, 

and identify any further peaks commonly found within them. Samples were introduced 

to an Agilent 7890B GC- 5977A mass spectrometer using a splitless mode Agilent 7693 

autosampler at 280°C. A 60m Agilent DB-5 column was used, with a (5%-Phenyl)-

methylpolysiloxane stationary phase, using helium as the carrier gas. The oven 

temperature program was held at 70 °C for 1 minute, was ramped to 150°C at 

30°C/minute, then to 320 °C at 3°C/minute. For leaf samples, it was then held at 320 °C 

for 15 minutes, and for sediment samples, it was held at 320°C for 25 minutes.   
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Figure 3: Representative chromatogram for a) N1 of leaf samples, and b) N3 of sediment 

sample 

GC-IRMS 

Leaf samples 
 
The compound-specific δ13C of odd-chained n-alkanes between n-C25 and n-C33 in length, 

and the i-C31 and ai-C32 branched alkanes, were determined via GC-C-IRMS (gas 
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chromatography-combustion-isotope ratio mass spectrometry), and were run externally 

in either the Organic Geochemistry Unit, University of Bristol, or Hokkaido University. 

Locations of the run for each sample are listed in Table S1. 

For samples run at the Organic Geochemistry Unit, Bristol, compound specific δ13C 

analyses of alkanes were performed using an Agilent Industries 7890A gas 

chromatograph coupled to an IsoPrime 100 mass spectrometer. Samples were 

introduced via a split/splitless injector in splitless mode onto a 50 m × 0.32 mm fused 

silica capillary column coated with a HP-1 stationary phase (100% 

dimethylpolysiloxane, Agilent, 0.17 μm). The GC temperature programme was held at 

70°C for 3 minutes, increased to 130°C at 20°C/min, and then to 300°C at 4°C/min, then 

held at 300°C for 5 minutes. Helium was used as a carrier gas and maintained at a 

constant flow of 2 mL/min. The combustion reactor consisted of a quartz tube filled with 

copper oxide pellets which was maintained at a temperature of 850°C. Instrument 

accuracy was determined using an external fatty acid methyl ester (FAME) standard 

mixture (C11, C13, C16, C21 and C23) of known isotopic composition and to calibrate to the 

PDB isotope reference. Instrument error was ±0.3‰. Data processing was carried out 

using Ion Vantage software (version 1.6.1.0, IsoPrime).  

For samples run at Hokkaido University, compound specific δ13C analyses of alkanes 

were performed using a HP 7890 gas chromatograph coupled to an Elementar GC5 

combustion interface and an Elementar IsoPrime vision mass spectrometer. Samples 

were introduced in splitless mode onto a 30m x 0.32 mm fused silica capillary column 

coated with a DB-5 stationary phase ((5%-Phenyl)-methylpolysiloxane, Agilent, 0.25 

μm). The GC temperature program began at 50°C, increased at 30°C/minute to 120°C, 
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then to 310°C at 5°C/minute. The combustion tube temperature was maintained at 

850°C. Instrument accuracy was determined using an Indiana University n-alkane 

isotope standard (A6) and used to calibrate δ13C values relative to the PDB isotope 

reference. All samples were run in duplicate, and average standard deviation of samples 

was 0.16‰.  

Sediment samples 
Sediment samples were analysed for alkenone δ13C at the Max Planck Institute for 

Biogeochemistry, Jena, using an Agilent HP5890 gas chromatograph coupled to a 

Thermo Fisher Delta + XP ratio mass spectrometer. Samples were introduced via a 

splitless inlet onto a 50m x 0.32 mm fused silica capillary column coated with an Ultra 2 

stationary phase ((5%-phenyl)-methylpolysiloxane, Agilent, 0.25 μm). The GC 

temperature program was held for 1 minute at 70°C, increased to 120°C at 30°C/minute, 

increased to 320°C at 3°C/minute, and held at 320°C for 15 minutes. Instrument 

accuracy was determined using an Indiana University n-alkane isotope standard (B4) 

and used to calibrate δ13C values relative to the PDB isotope reference. All samples were 

run in duplicate, and average standard error of the samples was 0.5‰.  

Data analysis 

Unless otherwise stated, all statistics were performed in R version 4.0.3.  

Carbon isotopes were expressed using delta notation throughout  

 𝛿13𝐶 =
(

𝐶13

𝐶12 )𝑠𝑎𝑚𝑝𝑙𝑒−(
𝐶13

𝐶12 )𝑃𝐷𝐵

(
𝐶13

𝐶12 )𝑃𝐷𝐵

× 1000 

(1) 
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Where the 12C/13C ratio in per mille (‰) is expressed in comparison to the standard 

Vienna Pee Dee Belemnite (VPDB). The difference between substrate and product δ13C is 

expressed as the enrichment factor, Ɛ, according to  

 휀𝑝𝑟𝑜𝑑𝑢𝑐𝑡 =
𝛿13𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡+1

𝛿13𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒+1
− 1.  

(2) 

Although the enrichment factor is strictly defined as the fractionation between the 

substrate and product of a single reaction, the formulation expresses the difference in 

isotopic composition between two substances, regardless of their relationship to each 

other (Hayes, 2001).  
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Chapter 3: Impact of elevated CO2 on the distribution of n-

alkane homologues in a temperate FACE experiment 

Authorship statement 

Leaf samples were collected from the Birmingham Institute of Forest Research’s Free Air 

CO2 Enrichment experiment by on-site technical staff from 2018-2021, according to a 

protocol initially developed by Dr Heiko Moossen, and expanded on by myself. 2022 leaf 

samples were collected by myself. All wet lab chemistry, GC-FID and GC-MS analyses 

were performed by myself.  

Abstract 

Plant wax n-alkanes are both a crucial suite of molecules used by plants to waterproof 

and protect their outermost surfaces, and a key biomarker targeted by organic 

geochemists seeking to analyse plant response to palaeoenvironmental change in the 

geologic record. Theoretically, a change in the amounts of different n-alkane homologues 

would alter plant water loss through the cuticle, and it may be advantageous for plants 

to do this in certain environments. Modern studies along environmental gradients 

suggest that temperature and aridity alter metrics of n-alkane homologue distribution 

such as average chain length (ACL), and ACL is often used to track these changes 

geologically. However, the effect of CO2 on n-alkane homologue distribution has not 

previously been studied, in part because CO2 gradients do not occur in nature and any 

such study must experimentally manipulate CO2 concentration. Here, I present n-alkane 

chain length distributions from the Birmingham Institute of Forest Research (BIFoR)’s 
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Free Air CO2 Enrichment (FACE) experiment. Specimens of A. pseudoplatanus and C. 

avellana were exposed to 5-6 years of elevated CO2. CO2 induced a decrease in ACL and 

n-alkane concentration, and an increase in the root-mean square of n-alkane chain 

lengths, in C. avellana but not A. pseudoplatanus from the fourth year of CO2 enrichment 

onward. A co-occurring drought in 2022 induced the opposite changes. These shifts in n-

alkane distributions are consistent with an active response whereby C. avellana alters its 

n-alkane chain lengths in order to optimise leaf permeability. A. pseudoplatanus, 

however, did not respond to environment through the study: therefore, n-alkane 

response to environment is likely species-specific. This work suggests that in the 

sediment record, n-alkane chain length distributions may alter with CO2, but as with 

temperature and aridity, this response does not occur universally.  

Introduction 

All known land plants produce a layer of wax over their surface, which forms a 

protective coating to cover the interior of the plant. This barrier is primarily composed 

of long chain n-alkyl lipids including n-alkanes, n-fatty acids, n-aldehydes et al. (Jetter et 

al., 2006; Busta and Jetter, 2018). Both the distribution patterns of the different 

homologues and their isotopic composition form a useful archive of palaeoclimate 

information due to their ability to record information on their growth conditions, and 

their relative recalcitrance in sedimentary records (Cranwell, 1981; Freeman and 

Pancost, 2014). In particular, the n-alkane component of plant wax is of note for its 

utility in palaeoclimate reconstruction: n-alkanes are produced as a major component of 

plant wax in chain lengths from n-C21 to n-C35, (Bush and McInerney, 2013), the relative 

distributions of which vary significantly within and between plant species, and can 
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covary with environmental conditions in the geologic record (Pagani et al., 2006; 

Castañeda and Schouten, 2011). n-Alkanes are ubiquitous in land plants (Jetter et al., 

2006), when dissociated from their source plant their origin remains identifiable in 

sediments from the distribution patterns of homologues (Bray and Evans, 1961), and 

due to their lack of functional groups they are the most stable of the n-alkyl lipids on 

geologic timescales (Cranwell, 1981).  

Due to their hydrophobic properties, the n-alkyl lipid component of plant waxes are 

responsible for the prevention of cuticular water loss (Schönherr, 1976; Schreiber et al., 

1996; Parsons et al., 2012; Jetter and Riederer, 2016; Seufert et al., 2022). Changes in the 

distribution patterns of the homologues alter plant cuticular permeability to both water 

and emitted volatile organic compounds (Cheng et al., 2019; Diarte et al., 2021) as well 

as the rheological properties of leaves (Lourens and Reynhardt, 1979; Petracek and 

Bukovac, 1995). Due to their role in the prevention of plant water loss and the potential 

for optimisation of wax permeability to a given environment, links between the 

distribution of homologues of leaf wax n-alkanes and environmental parameters such as 

temperature and aridity have been suggested (Bush and McInerney, 2015; Eley and 

Hren, 2018). However, correlations are not consistently observed and the precise nature 

of the relationship between plant wax and environment remains unconstrained (Jetter 

and Riederer, 2016; Seufert et al., 2022).  

The role which n-alkyl compounds play in preventing desiccation is complex. Due to 

their apolarity, the chemical properties of the hydrocarbon tails of n-alkyl compounds 

are likely more responsible for creation of an impermeable barrier than their associated 

functional groups, and the dominant control on total permeability of the cuticular layer 
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relates to the proportion of regions of crystalline wax which n-alkyl tails form within the 

larger cutin matrix. In this model of cuticular function, cuticular permeability to water 

depends on 1) the average length of n-alkyl carbon chains (defined as average chain 

length (ACL) the weighted mean average number of carbons in the n-alkyl tail) and 2) 

the range in the distribution of n-alkyl chain lengths present (defined as dispersion, the 

root-mean square of the deviation from the average chain length). A higher ACL and 

lower (i.e. a narrower range of homologues) dispersion lead to a decrease in 

permeability of the cuticle as a whole (Riederer and Schneider, 1990; Carr et al., 2014). 

Conversely, a wider range of distribution of n-alkyl chain lengths and a lower average 

chain length affect the mechanical plasticity of chain lengths and increases the rate at 

which waxes anneal, healing potential defects and potentially making the cuticle more 

resistant to disturbance and (Lourens and Reynhardt, 1979). It is therefore theoretically 

advantageous for plants in environments where saving water is more important for 

survival (i.e. hot, dry environments) to produce longer chain lengths in a narrower range 

of homologues, and for the reverse to be true in cooler, wetter environments.  

Wax response to environment is somewhat plastic (Samuels et al., 2008). Water and 

temperature stress have been shown to impact wax-related gene expression (Treviño 

and O’Connell, 1998; Hooker et al., 2002; Rahman et al., 2021), but whether shifts in 

gene expression induced in a laboratory setting cause a consistent shift in wax 

composition is less clear, and few laboratory studies have investigated changes in chain 

length as opposed to changes in total wax content or the ratio of different chemical 

constituents of wax. Macková et al. (2013) showed an increase in both longer 

homologues and a wider range of homologues (implying a decrease in permeability) in 

seedling plants under simulated drought stress, whereas (Zhang et al., 2021) detected a 
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decrease in total cuticular permeability with water depravation but variable responses 

in n-alkane and n-fatty acid chain length distributions, showing both increases and 

decreases in ACL and homologue ranges depending on compound, wax location, and 

germplasm. On longer timescales, both Bai et al. (2019) and Diefendorf et al. (2021) 

found no significant change in ACL with drought or heat treatment after several years’ 

continuous exposure in experimental plots and open-top chambers respectively, 

although neither paper reported results for dispersion.  

Reported changes in n-alkane ACL along environmental transects tend to show an 

increase in ACL with temperature and aridity (Dodd et al., 1998; Bendle et al., 2007; 

Sachse et al., 2010; Leider et al., 2013; Tipple and Pagani, 2013; Carr et al., 2014; 

Badewien et al., 2015; Bush and McInerney, 2015; Eley and Hren, 2018; Wang et al., 

2018b; Andrae et al., 2019; Teunissen van Manen et al., 2019; Lu et al., 2020), though 

patterns are not always seen in both temperature and aridity where both were 

measured (Carr et al., 2014; Bush and McInerney, 2015; Schwab et al., 2015) and the 

opposite trend (i.e. ACL decrease in warmer, drier conditions) was also sometimes 

observed. Since changes in ACL observed in individual species along environmental 

gradients are often much smaller than the differences between species (Feakins et al., 

2016; Wang et al., 2018a), and since temperature and aridity often covary along 

gradients, deconvolving the effects of the two is challenging.  

Alongside changes in temperature and aridity, plant-water relations are strongly 

influenced by the concentration of atmospheric CO2 within which they are grown (Seibt 

et al., 2008). Due to an increase in the water-use efficiency plant gas exchange, 

increasing CO2 concentration leads to an increase in available water at the leaf level 
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(Ainsworth and Long, 2005), although plant-to-ecosystem level feedbacks may, 

depending on ecosystem, reduce the magnitude of water savings observed 

(Wullschleger et al., 2002). . In practice, this manifests as a decrease in stomatal 

conductance seen consistently in elevated CO2 across FACE experiments (Ainsworth and 

Long, 2005). Consequently, elevated CO2, plants save water at the leaf level by 

decreasing stomatal water loss. It is possible that these water savings would induce a 

decrease in the need to save water from cuticular water loss, leading to an increase in 

cuticular permeability: as with a decrease in temperature and aridity, this would lead to 

decreased ACL and wax concentration, and increased dispersion. Therefore, in elevated 

CO2, it is theoretically advantageous for plants to actively adjust these parameters: water 

savings are made elsewhere, and by making these changes, leaf wax becomes more 

plastic mechanically.  

Unlike temperature or water availability, the effect of atmospheric CO2 concentration on 

plant wax has not been extensively investigated. Large-scale spatial CO2 gradients do not 

occur in nature, meaning the cline-based approach to looking at the effect of 

temperature and aridity on n-alkane composition is not possible with CO2. Previous 

studies have reported qualitative changes to leaf surface epicuticular waxes (Thomas 

and Harvey, 1983; Prior et al., 1997; Vanhatalo et al., 2001) and changes to total wax 

concentration (Prugel and Lognay, 1994; Graham and Nobel, 1996; Prior et al., 1997; 

Paoletti et al., 1998; Percy et al., 2002). However, cuticular permeability is determined 

neither by epicuticular wax structure (Vogg et al., 2004; Zeisler-Diehl et al., 2018; 

Seufert et al., 2022) nor total wax concentration (Jetter and Riederer, 2016; Staiger et al., 

2019), meaning any CO2-induced shifts in wax relating to changes in water retention 

were not recorded. 



57 
 

(Huang et al., 1999) determined that a +250 ppmv CO2 concentration increase resulted 

in increased CPI and total n-alkane concentration but no change to ACL or dispersion in 

Betula pendula seedlings grown from seed for 6 months. However, the ACL response to 

other environmental variables such as temperature is species-specific (Hoffmann et al., 

2013) and seedlings may require a longer time period of exposure to show results. 

Furthermore, it is unknown how mature specimens would respond to the same 

exposure, or response to covarying CO2 increase and other environmental variables such 

as temperature. CO2 concentration is therefore an environmental variable which may 

induce changes to plant wax n-alkane chemistry in a similar manner to other variables 

such as temperature and aridity, but such an effect may hitherto not have been detected. 

Methods 

Sample collection 

Leaves were collected from the Birmingham Institute of Forest Research (BIFoR) Free 

Air CO2 Enrichment experiment (FACE), located in Staffordshire, UK (52.801°N, 

2.301°W). BIFoR FACE consists of a mature semi-natural deciduous forest where trees 

are exposed to levels of +150 ppmv CO2 (compared to atmospheric). BIFoR FACE utilises 

three elevated CO2 arrays and three ambient CO2 control arrays: arrays 1, 4, and 6 were 

elevated CO2 arrays and arrays 2, 3, and 5 were ambient. CO2 fumigation was initiated in 

April 2017 and operates during daylight hours through the growth season. Further 

details on experimental setup are available in Hart et al. (2019). 

Leaves of the species Acer pseudoplatanus and Corylus avellana were used. These species 

were chosen because there were several specimens present in each array, allowing easy 

access, and unlike the co-occurring Quercus robur leaves were accessible without 
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needing to climb trees. Additionally, and unlike the co-occurring Ilex aquifolium, both are 

deciduous: as at BIFoR FACE elevated CO2 conditions were only maintained over the 

growth season, which in practice began and ended before and after leaf formation and 

senescence, this means all leaf growth in both species took place under elevated CO2 

conditions. Both species are common European deciduous woodland understory species 

and are widespread in the UK, and both are generalists, rather than adapted to 

extremely wet or arid growth conditions (Niinemets and Valladares, 2006; Sterry, 

2007). Both are angiosperms but are not otherwise closely related: Acer pseudoplatanus 

is a member of the order Sapindales, and Corylus avellana is in Fagales.  

Weather data was taken from the nearby Shawbury weather station (52.794°N, -

2.663°W). The average growth season temperature (April-September) from 2018 to 

2021 ranged from 13.4-14.5°C, and average monthly rainfall ranged from 50.9-72.1 mm. 

The early growth season in 2021 was notable for its low temperatures, leading to a 

delayed leaf flush. 2022 was the driest year of the experiment, with 265 mm of rain 

through April-August, which represents 60% of the average rainfall of the previous five 

years for the same monthly time period.  

Leaves of Acer pseudoplatanus (European sycamore) and Corylus avellana (common 

hazel) were sampled from the forest understory at approximately head height. Samples 

were collected approximately once per month through the growth season from 2018 to 

2021 (Figure 1). In order to increase number of replicates, a further 18 ambient and 16 

elevated CO2 samples of C. avellana were sampled in July 2022, including three trees 

where 2 replicate sets of leaves were taken. Of these samples, array 4 (consisting of two 
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trees were replicate samples were taken) was collected 1 week after the rest of the 

month’s samples. 

An average of four A. pseudoplatanus and six C. avellana leaves were taken per sample. 

On collection, leaves were wrapped in aluminium foil and stored in Whirl-Pak bags at -

20oC prior to processing.  

 

 

Figure 1: Sampling dates (green), mean daily maximum (red) and minimum (light blue) 

temperature (°C), total monthly rainfall (black) and 4-month moving average rainfall 

(dark blue) (mm month-1) from the Shawbury weather station from January 2017 to 

October 2022. Periods where CO2 fumigation occurred are marked by the grey bars.  

Laboratory 

Leaves were divided two along the vein for separate analyses prior to processing. All 

leaves were oven dried for 48 hours at 55°C. 0.1-1g leaf material was then 
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ultrasonicated in 9:1 dichloromethane (DCM):methanol (v/v) three times for 10 

minutes, and dried down to remove solvent. The resultant total lipid extract was further 

separated into three fractions using silica gel liquid chromatography. The n-alkane 

fraction was eluted using hexane. Further fractions using DCM and methanol were 

obtained and archived without further analysis. 

The hexane fraction, containing n-alkanes, was analysed quantitatively using an Agilent 

7890B GC-flame ionization detector (FID), fitted with a HP1-MS 60m Agilent 19091S-

916 column. Oven temperature was initially set to 60°C, and ramped at 30 °C/minute to 

150°C, then at 3°C /minute to 320°C. n-Alkanes were identified and their concentrations 

quantified using an external n-alkane standard mixture (nC10-nC40, even numbered 

alkanes only, 10μg/g concentration).  

Data analysis 

ACL was determined from the weighted average concentrations of C21-C35 n-alkanes, 

according to: 

 

 𝐴𝐶𝐿𝐶21−𝐶35 = ∑
𝑛[𝐶𝑛]

[𝐶𝑛]

𝐶35
𝑛=𝐶21  

(10) 

 (Poynter et al., 1989) where [Cn] is the proportional concentration of an alkane with n 

carbon atoms in its skeleton, normalised to 1 

Dispersion was calculated as  
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 𝑑 = ∑ 𝐶𝑛(𝑛 − 𝐴𝐶𝐿)2𝐶35
𝐶21  

(11) 

(Dodd and Afzal-Rafii, 2000) where ACL is calculated by Equation 1. Dispersion was 

calculated using both odd-chain only and all homologues present.  

Carbon preference index (CPI) was also calculated for all samples, and was defined as: 

 𝐶𝑃𝐼 =
[∑ 𝐶𝑜𝑑𝑑(𝐶21−33)+∑ 𝐶𝑜𝑑𝑑(𝐶23−33)]

2 ∑ 𝐶𝑒𝑣𝑒𝑛(𝐶22−34))
 

(12) 

(Marzi et al., 1993). 

All statistical analyses were performed in R version 4.0.3. The 2022 C. avellana n-alkane 

ACL and dispersion were tested for normality via a Shapiro-Wilk test, which indicated a 

normal distribution, therefore, t-tests were used to compute differences in means.  

To allow comparison of CO2 treatment effects in isolation, the variation in each set of 

replicates between months was detrended or accounted for using two methods. Firstly, 

the average of each of the three replicates taken for each species, treatment and month 

were averaged, and the effect of treatment was calculated using a paired student’s t-test. 

In this way, the average values for each treatment can be compared directly for each 

month.  

Secondly, the monthly variation was removed from all three replicates of each 

treatment. This was achieved by taking the average of all six data points, and subtracted 

from all six points to give the deviation around this point: for example, in a case where 
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all three ambient arrays had an ACL value of 27 and all three elevated had an ACL of 29, 

the average of the six would be 28, and the detrended ACL for the ambient and elevated 

treatments would be -1 and 1 respectively. Where three data points of one treatment but 

two of the other were present, samples were averaged so that the missing data point 

was assumed to be the average of the other two for its treatment, e.g. if array 1 

(enhanced CO2) was missing, the average would be taken as (1.5*(array 4,6) + array 2, 3, 

5).  

Results 

Range of n-alkanes detected 

n-Alkanes were recovered in the range n-C21 to n-C35. All measured samples contained 

the C25, C27, C29 and C31 homologues, and >90% contained measurable levels of the C25- 

C33 homologues. 99% of measured samples exhibited CPI>1, as is typical of land plants 

(Eglinton and Hamilton, 1967; Bush and McInerney, 2013). The three samples with 

CPI<1 were sampled close to the beginning or end of the growth season (Figure 3), 

meaning all mature leaves, which had not begun senescence, displayed CPI>1, and of the 

samples with CPI<1, the even-over-odd preference was recorded solely due to a larger-

than-expected C28 n-alkane.  
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Table 1: Number of samples and average ACL, CPI, and dispersion for both species and 

CO2 treatments in 2018-2021, and 2022 in C. avellana. 1x standard deviations are 

indicated in brackets. 

2018-2021: species and seasonality 

There were no clear, consistent seasonal trends in ACL in either species. A. 

pseudoplatanus ACL appeared stable throughout the growth season in all years, whereas 

in C. avellana, in years other than 2019, the earliest sampling dates tended to show 

lower ACL than those taken later (Figure 2c). Similarly, the first samples taken in 2018, 

2020 and 2021 in C. avellana had a higher dispersion than during the rest of the growth 

season. Dispersion decreased throughout the growth season in A. pseudoplatanus in all 

Sample Samples ACL CPI Dispersion 

C. avellana ambient 

(2018-2021) 

69 28.4 

(0.70) 

7.7 (2.4) 4.88 (1.7) 

C. avellana elevated 

(2018-2021) 

67 28.1 

(0.95) 

7.5 (2.6) 5.42 (1.6) 

A. pseudoplatanus 

ambient 

64 28.9 

(0.36) 

13.2 

(4.4) 

4.71 (1.6) 

 

A. pseudoplatanus 

elevated 

65 28.9 

(0.32) 

12.8 

(4.6) 

4.33 (0.77) 

C. avellana ambient 

(2022) 

13 30.6 

(0.48) 

8.0 (1.0) 5.85 (1.7) 

C. avellana elevated 

(2022) 

16 30.0 (1.0) 7.3 (1.5) 4.16 (0.69) 
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years, however since C. avellana showed higher variability between replicates, a small 

seasonal trend, if present, cannot be identified (Figure 2b). From 2018 to 2021, ACL 

appeared constant year-on-year in both species.  

Between 2018 and 2021, ACL ranged from 28.1 to 31.0 in A. pseudoplatanus, and from 

24.9 to 29.4 in C. avellana (Figure 2c). Dispersion ranged from 2.4 to 14.7 in A. 

pseudoplatanus and 2.1 to 9.1 in C. avellana (Figure 2b). On average, A. pseudoplatanus 

had a higher ACL and lower dispersion than C. avellana (Table 1). The ACL and 

dispersion of A. pseudoplatanus were less variable than C. avellana, both within 

individual sample dates and over time, although several extremely high and low samples 

were measured for this species (Figure 2).  
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Figure 2: a) Total n-alkane concentration, b) Dispersion and c) Average Chain Length for 

both species, all samples (left panel) and monthly (right four panels), 2018-2021. 

Total n-alkane concentration was highly variable in both species, ranging from 14 to 760 

μg/g dry wt in C. avellana, and 16 to 1663 μg/g dry wt in A. pseudoplatanus (Figure 2a).  



66 
 

CPI decreased through the growth season in both species. The decrease was more 

pronounced in A. pseudoplatanus than C. avellana, and the trend was not affected by CO2 

treatment. In A. pseudoplatanus, the concentration of odd homologues stayed constant 

through the growth season, but the concentration of even-chained homologues 

increased through the growth season, driving the decrease in CPI. In C. avellana, 

although CPI decreased throughout the growth season, no significant trends were 

observed in odd- or even-chained concentration (p>0.1 both odd and even n-alkanes 

under both CO2 treatments).  
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Figure 3: a) Carbon preference index for both species, 2018-2021 b) Total concentration 

of odd (black) and even (blue) homologues in A. pseudoplatanus (left and C. avellana 

(right) over the growth season. 

Effect of CO2 (2018 to 2021) 

A. pseudoplatanus ACL and dispersion showed no difference between CO2 treatments. 

However, in C. avellana, ACL slightly decreased and dispersion slightly increased in 

elevated CO2 treatments compared to ambient from 2020 onward: when detrended 

from monthly variation by normalising each month to zero, elevated CO2 samples in 

these years showed a 0.5 decrease in ACL, and a 0.74 increase in dispersion compared to 
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ambient (Figure 4). The difference in ambient and elevated values for these years in C. 

avellana shows this decrease to be significant (ACL: p=0.0006, dispersion: p=0.01).  

 

Figure 4: Yearly average ACL and dispersion, detrended from monthly variation. 

There was no effect of CO2 treatment on concentration in A. pseudoplatanus, but 

concentration was lower in C. avellana in elevated compared to ambient in every year of 

the study except 2018 (Figure 2a). Elevated CO2 samples from 2019-2021 had a 26% 

lower total concentration of n-alkanes to ambient. 
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2022  

Same-tree replicates 

Replicates taken from the same tree in 2022 showed an average 0.9 difference in ACL 

and 0.8 in dispersion. The difference in ACL 

between replicates was similar to the range 

seen within the three replicates taken 

monthly from 2018-2021 (1.1 in C. avellana), 

but less than the range seen for dispersion 

(1.8).  

All samples 

Summary statistics of the ACL, dispersion, 

and concentration of n-alkanes collected in C. 

avellana in 2022 are summarised in Table 1. 

Large numbers of replicates of A. 

pseudoplatanus were not collected from a 

single month, meaning the full range of 

intraspecies variation could not be calculated 

as the combined data summarised in Table 1 

includes seasonal variation. 

The 2022 replicates in C. avellana show a 

decrease in ACL, dispersion, and total n-

alkane concentration in elevated samples 

compared to ambient (Figure 5). Both of 

Figure 5:  ACL, dispersion, and total n-
alkane concentration, 2018-2022, in C. 
avellana, in July 



70 
 

these differences are significantly different (t-test, ACL: t=2.2 p=0.04, dispersion: t=3.3 

p=0.005, log10(concentration): 0.005). ACL was 7% higher in ambient samples than in 

the average of the previous four July samples, and 5% higher in the elevated samples. 

Dispersion and concentration, however, were within the range of the previous four 

years.  

Of the 34 samples taken in 2022, the four (consisting of two sets of replicates) from 

array 4 (eCO2) were collected 1 week after the main sampling collection. These four 

samples exhibited significantly lower ACL and concentration, and higher dispersion, 

than the other two elevated CO2 arrays (p=0.01, 0.01 and 0.0007 respectively). In 

particular, the concentration of n-alkanes (average 15 µg g-1) in this array were 

exceptionally low: lower than any value recorded in July in this species (minimum 29 µg 

g-1) and lower than all but one other concentration recorded in C. avellana over the 

entire study. Without the addition of array 4, the difference in ACL between CO2 

treatments is not present (p=0.4), though concentration may still be lower in eCO2 

(p=0.08). 

Discussion 

Intra-species variation in n-alkane distribution 

Although many studies have investigated the range of plant wax n-alkanes recovered 

from different species at a single site (Ficken et al., 2000; Diefendorf et al., 2015b) or the 

same species over different environmental conditions (Dodd et al., 1998; Hoffmann et 

al., 2013), this dataset represents the largest number of replicates compiled of a single 

plant species in a single location.  
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The three sets of 2 replicate samples taken from the same C. avellana specimen in 2022 

showed large variability in ACL similar to the range observed in replicates taken from 

separate specimens. Given that each sample consisted of 6 leaves, the inter-leaf 

variability is likely much larger than the average presented in each sample. The range of 

dispersion present was smaller. The similar variability in ACL between same-tree 

replicates and different trees suggests that although many leaves may be necessary to 

measure a reproduceable ACL value, these leaves could potentially be taken from the 

same specimen. However, only 2 replicates from three trees were taken, meaning 

further data is necessary to determine the range of n-alkane homologues present 

between individual leaves and individual trees of the same species.  

The studies ofDiefendorf et al. (2011), Bush and McInerney (2013) and Diefendorf, 

Leslie and Wing (2015) all took many (53, 44 and 34 respectively) samples for leaf wax 

chain length analyses from a single location, examining the chain lengths of multiple 

species. The standard deviation of ACL, CPI and odd-chained dispersion were all lower 

in both species in this study, across both treatments, than was recorded between 

multiple species at the same site (Table 3), suggesting some genetic control on all three 

parameters. In combination with the replicate samples from single trees, this implies 

that the majority of difference between wax homologue proportions can be attributed to 

differences between leaves on trees of the same species, and the difference between 

species, rather than the difference between specimens of the same species. Therefore, in 

order to characterise the n-alkane chain length distributions of a single location, 

multiple samples should be taken from each species, but it is less important that those 

samples be taken from different specimens of the same species.  
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Table 3: Standard deviations of ACL, CPI and odd-chained dispersion from selected 

studies compared to 2018-2021 values for Acer pseudoplatanus and Corylus avellana in 

ambient and elevated CO2.  

Study Study details ACL CPI Dispersion 

Bush and McInerney, 

2013 

Grown outdoors in Chicago 

Botanic Garden 

 1.6 7.0 2.9 

Diefendorf et al., 2011 Grown outdoors at the 

Pennsylvania State University 

 1.6 15.5 1.8 

Diefendorf et al., 2015 Grown outdoors at the 

University of California 

Botanical Garden at Berkeley 

2.3 6.2 3.4 

C. avellana ambient See Chapter 2 0.70 2.4 1.7 

C. avellana elevated See Chapter 2 0.95 2.6 1.6 

A. pseudoplatanus 

ambient 

See Chapter 2 0.36 4.4 1.6 

A. pseudoplatanus 

elevated 

See Chapter 2 0.32 4.6 0.77 

 

Seasonality 

Average chain length showed little consistent change seasonally throughout the study 

period in either species. Individual years show trends – for example, 2022 in C. avellana 

shows a decrease following the very low first sample of the year – but no trends repeat 

over all four years. A. pseudoplatanus ACL appeared stable through the growth season, 
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with low variability, aside from a few individually high or low samples. Dispersion, by 

contrast, showed a decreasing trend in A. pseudoplatanus in every year. This trend may 

also be present in C. avellana in 2018-2020, but due to high variability between samples 

cannot be identified.   

The first sample collected in 2018, 2020 and 2021 in C. avellana all showed decreased 

ACL compared to the rest of the year. This is similar to trends observed in (Tipple and 

Pagani, 2013; Sachse et al., 2015; Huang et al., 2018), which detected an increased 

proportion of lower chain lengths in very young leaves immediately following leaf 

formation, coincident with enhanced wax synthesis. This period of lowered ACL was not 

detected in 2019 or at all in in A. pseudoplatanus: it is possible that this period occurred 

prior to the beginning of sampling in this species and year and was therefore not 

detected. The total concentration of n-alkanes was highly variable, but was also slightly 

lower in the first samples of 2018, 2020, and 2021 compared to the next month, 

suggesting this is a signal of early leaf ontogeny.  

ACL remained relatively stable through the growth season after leaves reached maturity. 

The total concentration of leaf wax present also generally remained constant, albeit with 

extremely high variability, and the lack of change in both ACL and dispersion implies 

that the ratio of homologues remained mostly unchanged after leaf maturity. As noted in 

(Newberry et al., 2015; Sachse et al., 2015; Huang et al., 2018), stable ACL does not 

necessarily imply a lack of change in leaf wax present, as wax removed by wind abrasion 

can be replaced with newly synthesised wax of the same homologues. It does, however, 

imply, that even if wax is replaced, in these two species, ACL is not highly dynamic to 

environmental conditions on seasonal timescales.  
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CPI decreased throughout the growth season in both species, although the magnitude of 

decrease was much greater in A. pseudoplatanus than C. avellana. In A. pseudoplatanus, 

the decrease in CPI was attributable to an increase in the concentration of even-chained 

n-alkanes, rather than a decrease in concentration of odd, which showed no trend 

(Figure 3), whereas in C. avellana, slight, non-significant increases in even-chain 

concentration may have combined with slight, non-significant decreases in even-chain 

concentration to produce a more consistent effect. A similar trend of decrease in CPI 

through the growth season was observed in (Huang et al., 2018), but no mechanism to 

explain this decrease has hitherto been suggested. Although the biosynthetic pathway by 

which even-chained alkanes are produced is known, the genetic factors controlling their 

expression are not, meaning the biological, ontogenetic, and environmental factors 

governing CPI are unknown.  

Although isotopic measurements are needed to confirm n-alkane synthesis in mature 

leaves as synthesis can be balanced by wax removal (Baker and Hunt, 1986; Newberry 

et al., 2015), changes in CPI are suggestive of continuing synthesis throughout, as 

mechanical removal of n-alkanes would not alter CPI (Buggle et al., 2010; Wang et al., 

2014; Huang et al., 2018).  

Drought in 2022 

The growth season in 2022 included a severe drought through July and August, and an 

extreme, record-breaking heatwave which took place the week before sampling 

occurred (Kendon, 2022; Toreti et al., 2022a, b), leading to maximum temperatures of 

36°C regionally (Kendon, 2022). Accordingly, the decrease in available water from 

rainfall and increase in evaporative heating implies that a decrease in permeability to 
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preserve water would be advantageous. The average of 7% increase in ACL observed in 

C. avellana compared to the previous four Julys (Figure 1) is likely due to this effect, and 

indirectly demonstrates an active response to the season’s weather conditions in leaf 

cuticular permeability. Dispersion and n-alkane concentration showed no change from 

the previous years. ACL and dispersion covary in C. avellana, but the 2022 samples do 

not follow the trend of the previous four years. This suggests that, although linked, a 

change in ACL does not necessarily imply a change in dispersion, and the two may 

change on different timescales in response to water availability.  

As array 4 was collected slightly after the other 30 samples in 2022, it is possible that 

some of the anomalous trends it exhibited related to sampling date rather than CO2 

treatment. In this case, the lower ACL and concentration, and higher dispersion, may 

represent a rapid return to more normal conditions after an equally rapid change at the 

onset of the drought. In particular, the extremely low concentrations of n-alkanes 

measured in this array could suggest a rapid removal of n-alkanes as the heatwave 

concluded. However, it should be noted that these are only four samples from two trees, 

so wider trends cannot be inferred. It is therefore possible that the drought effects in 

2022 removed differences between the CO2 treatments, and that rapid return to or 

beyond pre-drought n-alkane homologue distributions in array 4 are responsible for all 

the CO2 effects observed in this year, or that the extra week between sampling dates 

made little difference to array 4’s n-alkane distribution and the effects observed in 

Figure 5 represent CO2 effects.  

It is unclear how quickly wax would return to its previous state, if at all, post an extreme 

heat/drought event such as that observed here. It is also noteworthy that although the 
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extreme heat event lasted <1 week, the drought persisted after the collection of all 

samples. Gao, Burnier and Huang (2012) reported regrowth of wax post mechanical 

removal on a timescale of hours, but ACL stayed largely constant through this process, 

and a rapid addition of wax would increase, rather than decrease the concentration 

compared to during the drought, and all studies of ACL over the growth season tend to 

show it remains stable or changes slowly in mature leaves (Tipple et al., 2013; Newberry 

et al., 2015; Sachse et al., 2015; Huang et al., 2018). Therefore, although it is possible that 

the delay of 1 week affected array 4’s n-alkane distribution, and subsequently biased the 

comparison of elevated and enhanced CO2 in this year, the most likely explanation 

remains that CO2 influenced the composition of this array. However, further study is 

needed to investigate the impact of transient temperature changes on ACL and other 

wax n-alkane parameters, as well as longer-term studies.  

Eley and Hren (2018) suggest that under higher temperatures, ACL may increase due to 

direct evaporation of shorter homologues, rather than active changes to synthesis of 

homologues. This explanation cannot explain the observed data, since the 

concentrations of the C33 and C35 homologues increased in 2022, alongside a decrease in 

concentration of homologues C29 and below: if preferential removal of shorter-chain 

homologues were the sole driver of the observed trend, total concentration in 2022 

would decrease and only decreases in concentration in the shorter homologues would 

be observed. 

No change in n-alkane ACL was found in the drought or heat treatment in Diefendorf et 

al. (2021) or heat treatment in Bai et al. (2019). Neither study reported values for 

dispersion. It was additionally suggested in Diefendorf et al. (2021) that the species 
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studied, Juniper monosperma, was drought and heat tolerant prior to the start of the 

experiment, and could not further increase its ACL from an already high starting point. 

Neither C. avellana nor A. pseudoplatanus are notably drought and or/waterlogging 

tolerant or associated with especially arid or wet environments (Niinemets and 

Valladares, 2006; Sterry, 2007), and their ACL values were within the normal range for 

deciduous trees (Bush and McInerney, 2013), suggesting that this is not the case with 

either species studied here. This further indicates species-specificity in n-alkane 

response to environmental change.  

Bai et al. (2019) suggested that, although partially controlled by temperature, the 

average ACL change due to temperature was only around 0.3 carbon units per 4°C, 

across different temperature gradient studies and plant type. This study showed an 

increase in ACL of 1.6 units in 2022 compared to the average from the previous four 

Julys. Although the increase in temperature is difficult to quantify as it is unclear to what 

point in the growth season ACL responds, it is clear that 2022 temperatures were not 

~20°C higher than previous years at any point. The 2022 growth season was 

characterised by drought as well as high temperatures, meaning the enhanced effect can 

potentially be attributed to decreased water availability alongside increased 

temperature. Temperature and water availability often covary, and metrics such as 

vapour pressure deficit, which are controlled both by temperature and water present in 

the environment may themselves control ACL (Eley and Hren, 2018), but without high-

resolution measurements of air and soil moisture taken onsite through the study period, 

the increase in ACL cannot be attributed to a specific combination of the increased 

temperature and aridity.  
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Effect of CO2 on leaf wax n-alkane chemistry 

The decrease in ACL, increase in dispersion and increase in total n-alkane concentration 

detected in C. avellana in this study indicate an increase in permeability under elevated 

CO2 after several years’ continuous exposure. The observed changes are consistent with 

the hypothesis that under elevated CO2, C. avellana wax becomes more permeable but 

less brittle. This response suggests that wax n-alkane chemistry can respond to elevated 

CO2-derived water savings to optimise its composition. These changes indicate an 

increase in water loss at the leaf level which would partially counteract water use 

savings caused by stomatal closure under elevated CO2 (Norby and Zak, 2011) but the 

magnitude of such water loss is unknown. Further research is necessary to quantify 

changes in cuticular permeability as a whole under elevated CO2, which could have 

implications for plant-water relations under climate change.  

It should be noted that from 2018-2021, a total of three replicates for each species, 

treatment, and sample date were taken. This implies it is possible that trends observed 

in this time interval are influenced by low sample size. Array-by-array, data suggests 

that the decrease in ACL in elevated CO2 in 2020 and 2021 consistently occurred the 

most strongly in array 1, but that this array was similar in ACL to the other five arrays in 

the previous years, suggesting a CO2 effect on this individual, but that the effect may not 

have consistently affected the entire species. With dispersion and concentration, the 

observed CO2 effect appeared to represent a more even change across all elevated arrays 

compared to ambient. Replicates were taken in 2022 to try to determine if these trends 

persisted with a larger sample size: although the co-occurring drought potentially 

complicated interpretation, it appears the effect of CO2 on ACL and total n-alkane 
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concentration in this species persist. Dispersion in 2022 showed the opposite trend with 

CO2 to the previous three years, meaning, the relationship between CO2 concentration 

and dispersion should be further verified with additional replicates in samples not 

grown in drought conditions. Further samples of additional species should also be taken: 

although A. pseudoplatanus showed no influence of elevated CO2 on its n-alkane 

chemistry, further replicates may help to identify a small but persistent effect.  

The observed response in C. avellana was only seen from the third year of CO2 exposure. 

2020 and 2021 were comparable in weather conditions to the previous three years 

(Figure 1) and no changes in experimental design occurred between 2019 and 2020 that 

could otherwise account for this trend. It is therefore likely that, in C. avellana, n-alkane 

homologue distribution requires several years’ continuous CO2 exposure for effects to 

emerge. A similar response was not observed in A. pseudoplatanus. This suggests either 

that its wax does not respond to CO2 within a single individual exposed to changing 

conditions and multiple generations or evolutionary influences are necessary to 

influence n-alkane distribution, or that a longer acclimation to elevated CO2 is required 

to observe an effect. Given that many studies experimentally manipulating 

environmental conditions to detect impacts on wax chemistry operate on timescales of a 

year or less (Huang et al., 1999; Kosma et al., 2009; Macková et al., 2013), this data 

suggests that the timeframe of experiments examining leaf wax response to 

environment should be increased to allow for potential effects to become apparent, and 

is potentially species-specific. It is also unclear how the magnitude of CO2 change could 

affect n-alkane wax chemistry, whether changing the magnitude of CO2 concentration 

would affect the rate of response to CO2, and whether decreases in CO2 (implying an 
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increase in required water) would have the opposite effect to the changes observed 

here.  

Decreased ACL and total n-alkane concentration in elevated compared to ambient 

samples persisted in 2022, alongside the influence of the covarying changes in weather. 

However, the observed trend in dispersion was reversed in 2022: elevated CO2 samples 

showed increased dispersion compared to ambient. It is unclear why this effect 

occurred: it is possible that increases to permeability induced by the elevated CO2 

treatment left C. avellana more vulnerable to drought stress long-term, but there is no 

further evidence to support this hypothesis. It is also noteworthy that dispersion 

calculated with all homologues rather than just odd-chained homologues shows no 

change under elevated CO2 compared to ambient in this year, although CPI also showed 

no significant change. 

Therefore, this data supports the hypothesis that in C. avellana but not A. 

pseudoplatanus, elevated CO2 treatment caused a decrease in ACL and n-alkane 

concentration compared to ambient conditions. A potential increase in dispersion was 

also identified, but could not be verified due to the impacts of a co-occurring drought. 

The effect was only present from the third year of CO2 treatment onwards but the 2022 

drought caused much faster and more pronounced changes to n-alkane ACL: therefore, 

in C. avellana, leaf wax n-alkane chemistry can adjust to environmental conditions on 

short timescales, but required several years of continual CO2 exposure to show an effect.  

Implications for palaeoenvironmental reconstruction 

CPI is often used as a measure of degradation in geologic samples of n-alkanes, as 

diagenetic processes can remove the odd-over-even preference that is characteristic of 



81 
 

n-alkanes produced via acetogenic biosynthesis (Tegelaar et al., 1989). However, this 

study identifies large changes in CPI – though CPI itself remained positive throughout – 

within a plant through the growth season, driven by an increase in the concentration of 

even-chained homologues (Figure 3). Outside of three anomalous samples, however, CPI 

remained greater than 1 throughout. CPI being changeable on short timescales may have 

implications for its use as a degradation indicator, as this data suggests a decrease in CPI 

may represent a change in when in the growth season the n-alkanes present in a sample 

were synthesised. However, CPI is already extremely variable in modern plants: in the 

dataset of Bush and McInerney (2013), which contains over 2,000 recorded CPI values 

from the literature, its standard deviation is 10 and ranges from 0 to infinite (i.e. no 

even-chained homologues were detected), with a maximum non-infinite recorded value 

of 99: with this range, a large change in CPI that remains >1 in a geologic sample may as 

easily represent a change in plant community as a change in diagenetic alteration and 

degradation. Therefore, this data further suggests, as in Bush and McInerney (2013), 

that CPI should not be used as a quantitative measure of degradation, as plant CPI itself 

is extremely variable.  

Although ACL is rarely used as a palaeoclimate indicator directly, it is used as 

corroborating evidence for changes in temperature and precipitation alongside changes 

in species composition (Pearson et al., 2007; Smith et al., 2007; Castañeda and Schouten, 

2011; Tipple et al., 2011). Any potential influences of elevated CO2 on ACL in the 

geologic record have hitherto not been considered. Since on geologic timescales changes 

in atmospheric CO2 concentration are directly linked to increases in temperature 

(Rohling et al., 2012), it is possible that changes in ACL that covary with temperature in 

the geologic record were partially responding to changes in atmospheric CO2. 
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This may present a potential explanation for the inconsistency of trends between 

environmental data and ACL: although wax properties shift with environment, changes 

in wax properties are primarily conveyed via changes in dispersion rather than ACL. 

However, dispersion did not respond to the 2022 drought as ACL did, suggesting that 

the balance of the two may change based on timescale, species, and environmental 

changes. 

The observed changes to n-alkane distribution with CO2 are small and species-specific, 

and are obscured by seasonal variability and other environmental effects even in 

samples taken from trees of one species in one location. A trend with CO2 of the 

magnitude observed in C. avellana would be obscured by shifts in vegetation 

composition if the effect persists similarly to that seen here (Bai et al., 2019), even if the 

majority of species showed this response. The seasonal changes in n-alkane ACL and 

dispersion which partially obscure trends may be averaged away in the geologic record, 

since early growth-season samples with lower ACL have a lower concentration of n-

alkanes both in this study and others, and the majority of n-alkanes which enter the 

geologic record would be from mature leaves (Tipple et al., 2013; Newberry et al., 2015; 

Sachse et al., 2015; Huang et al., 2018). However, the large variability seen in mature 

leaves, although not showing a consistent seasonal trend, could be enough to obscure a 

weak CO2 effect.  

When n-alkanes are incorporated into soil or lake records, the ACL recorded can remove 

some noise as differences between species are averaged (Eley and Hren, 2018), making 

it more likely that if the small change in ACL detected in C. avellana is a more common 

response to CO2 than the lack of response seen in A. pseudoplatanus, a small change in 
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ACL may be more detectable in these archives than in the original plant. However, 

although the change in dispersion identified in this study was larger in magnitude than 

ACL, as it is itself a measure of variability, dispersion in a geologic sample would likely 

be overprinted by the inherent variability in chain length distribution between species. 

Therefore, a small CO2 effect may be apparent geologically in ACL, even where the effect 

is difficult to detect looking at individual leaves, but this is not likely to be the case for 

dispersion even if the effect at the leaf level is larger.  

Furthermore, since n-alkane homologue distribution is partially phylogenetically 

controlled (Diefendorf et al., 2015b), it is likely that evolutionary-scale effects influence 

n-alkanes such that the magnitude of changes identified in any experimental study 

would not reflect those seen over geologic time. It is therefore unlikely that ACL or other 

wax n-alkane parameters will reflect atmospheric CO2 concentration in the geologic 

record in a manner that is consistent or quantifiable. However, as with temperature, 

changes in ACL may qualitatively reflect changes in CO2 concentration in specific 

contexts, and could be used as a corroborating argument alongside proxy CO2 

reconstructions.  
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Chapter 4: Impact of elevated CO2 on the δ13C of n-alkane 

biomarkers 

Authorship statement 

Samples used in this chapter were collected as described in the authorship statement for 

Chapter 3. Bulk δ13C was produced at the University of Birmingham by myself and Dr Ian 

Boomer, and at the University of Hokkaido by Dr Osamu Seki. All data analysis and 

interpretation were performed by myself. Compound-specific δ13C was produced by Dr 

Osamu Seki at the University of Hokkaido, and at the Organic Geochemistry Unit at the 

University of Bristol, funded by a NERC NEIF grant, by myself under the guidance of Dr 

Helen Whelton. All data analysis and interpretation were performed by myself.   

Abstract 

The stable carbon isotopic composition of n-alkane biomarkers are a commonly used 

proxy for studying plant response to palaeohydrology in the geologic record. However, 

interpretation n-alkane δ13C tends to assume that all variation is due to changes in bulk 

plant δ13C, reflecting a signal of fractionation due to photosynthesis, and that the 

biosynthetic fractionations which occur after photosynthesis (εlipid) are constant. 

However, this assumption has not been tested: if εlipid covaries with environment, this 

could provide an alternate explanation for previously reported trends in n-alkane δ13C, 

as well as potentially allow the reconstruction of plant biochemistry in the geologic 

record. Here, I use the Birmingham Institute of Forest Research (BIFoR)’s Free Air CO2 

Environment experiment (FACE) to test the response of εlipid to elevated CO2 

concentrations. To do this, I measure δ13C of both bulk and n-alkanes in A. 
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pseudoplatanus and C. avellana over four years. Both species’ εlipid increases under 

elevated CO2 compared to ambient, but the seasonal change in εlipid suggests that this 

increase occurs due to different mechanisms. In A. pseudoplatanus, this increase occurs 

consistently throughout the growth season, suggesting a change in carbon allocation to 

different tissue types within the plant is responsible. Conversely, in C. avellana, the effect 

becomes more pronounced as the growth season progresses, suggesting a change in the 

timing of n-alkane synthesis under elevated CO2 may induce a change in εlipid. 

Collectively, this suggests that εlipid cannot be assumed to be constant in the geologic 

record, and highlights that biosynthetic processes should be considered when 

interpreting compound-specific isotopes. 

 

 Introduction 

The δ13C of n-alkane biomarkers is controlled by the sum of all carbon isotopic 

fractionations which occur during their formation, including those which control source 

atmospheric δ13C (Ciais et al., 1995; Francey et al., 1999; Lomax et al., 2012), 

fractionations which occur during carbon fixation (Farquhar et al., 1989; Collister et al., 

1994; Diefendorf et al., 2011), and the sum of biosynthetic fractionations during the 

synthesis of n-alkanes (Monson and Hayes, 1980; Chikaraishi et al., 2004a; Hobbie and 

Werner, 2004). These processes all potentially vary on geologic timescales, and can be 

affected by environmental conditions as well as, for the latter two, changes to biological 

mechanisms in response to environmental change (Huang et al., 1995; Tipple et al., 

2010; Diefendorf et al., 2011; Franks et al., 2013).  
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In the geologic record, plant wax n-alkane δ13C is commonly used to determine the 

relative contributions of C3 and C4 plants to a sample (Tipple and Pagani, 2010; Magill et 

al., 2013a) and, in environments where no C4 plants are present, to reconstruct plant 

water-use efficiency (Schouten et al., 2007; Diefendorf et al., 2015b; Schlanser et al., 

2020). Both of these interpretations correlate n-alkane δ13C to the fractionations which 

occur during photosynthetic carbon fixation. In order to use n-alkane δ13C to reconstruct 

both C3/C4 abundances and C3 water use efficiency, it is therefore necessary to account 

for both changes in atmospheric δ13C and the magnitude of post-photosynthetic 

fractionations. Although information on the former can often be determined from 

additional proxy organisms and is generally well constrained for the Cenozoic (Tipple et 

al., 2010), the magnitude of biosynthetic fractionation is specific to the plants which 

produced them (Diefendorf et al., 2015b), and is difficult to determine solely from 

isolated n-alkanes found in the sediment record. It must therefore be accounted for 

based on study of its magnitude in modern plants (Tipple and Pagani, 2010; Magill et al., 

2013a). 

Biosynthetic processes collectively cause a large decrease in δ13C between bulk (or 

average plant tissue) and n-alkanes, equal in to roughly half again the magnitude of the 

fractionation between bulk and atmospheric δ13C (Basu et al., 2021). This shift in 

isotopic composition is the sum total of many different fractionations which occur 

during n-alkane biosynthesis. An initial decrease in proportion of 13C is induced during 

the formation of acetyl CoA from pyruvate (Monson and Hayes, 1982); further 

fractionations applied at later stages of n-alkane biosynthesis result in differences of 

δ13C within lipid species (Chikaraishi et al., 2004a, b; Zhou et al., 2015). The sum total 

isotopic effect of these individual reactions is defined as  
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 휀𝑙𝑖𝑝𝑖𝑑 = [(
𝛿𝑙𝑖𝑝𝑖𝑑+1000

𝛿𝑙𝑒𝑎𝑓+1000
) − 1] × 1000 

(13) 

(Hayes, 2001) representing the difference in isotopic composition between the total leaf 

(or bulk) δ13C and lipid species (for example n-alkanes) within it. Since lipids are 

typically depleted in 13C compared to bulk, a larger difference between the two usually 

results in a more negative value.  

εlipid is influenced both by phylogeny and growth form, and can be highly variable: for 

example, it is more negative in shrubs and forbs than in angiosperm and gymnosperm 

trees (Diefendorf and Freimuth, 2017), but the values heavily overlap within these 

groups (Diefendorf et al., 2015b). Furthermore, although the impact of plant biology on 

εlipid has been investigated previously, the influence of environmental conditions 

remains largely unstudied.  

Several mechanisms exist which have the potential to influence εlipid. The two most 

likely to invoke changes in εlipid with environment are a) a change in the allocation of C 

to synthesis of n-alkanes or any precursor molecule, and b) a change in the seasonal 

timings by which n-alkanes are synthesised relative to bulk. 

Although the fractionations associated with the activity of individual enzymes in each 

step of n-alkane synthesis are likely constant on non-evolutionary timescales, changes to 

εlipid can occur through alteration of the flux of carbon through biosynthetic processes. 

The difference in the isotopic composition of biosynthetic products is set by both the 

magnitude of enzymatic fractionation at branch points during biosynthesis, and the 

allocation of carbon between them. In this case, the overall δ13C would remain the same, 
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as no carbon is gained or lost from the system, but the δ13C of individual molecules 

would differ. Therefore, any changes to the flux of carbon to different biosynthetic 

product induced by environmental change could result in an influence of environment 

on εlipid without causing a change in bulk δ13C (Collister et al., 1994; Hayes, 2001; 

Hobbie and Werner, 2004; Dungait et al., 2011).  

Alternatively, a change in εlipid with environment can also be induced by changes to the 

timing of n-alkane production seasonally. Bulk tissue and n-alkanes are synthesised 

using the photosynthetic carbon pool present at the time of their synthesis, but the δ13C 

of the photosynthetic carbon pool itself is not constant throughout the growth season as 

a) atmospheric δ13C differs seasonally, and weighting toward a different time in the year 

for synthesis alters the atmospheric δ13C from which photosynthetic carbon is 

fractionated (Keeling et al., 2001), b) the magnitude of photosynthetic carbon 

fractionation also varies through the growth season, as plants decrease Ci/Ca during 

times of water stress (Seibt et al., 2008), and c) plant tissue can be synthesised using 

carbon stored from the previous growth season, which is enriched in 13C (Terwilliger 

and Huang, 1996; Tipple and Ehleringer, 2018). If changes to environment induce a 

change in the seasonal timings of n-alkane synthesis relative to bulk tissue, then n-

alkanes would be synthesised from a photosynthetic carbon pool that was 

systematically offset from that of bulk tissue, leading to an apparent environmental 

effect on εlipid.  

Since an increase in pCO2 provides additional substrate to plants for use in biosynthesis 

(Poorter and Navas, 2003), it is possible that elevated CO2 could cause a shift in carbon 

allocation patterns compared to ambient, effecting a change in n-alkane δ13C but not 
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bulk. An increase in CO2 concentration is associated with an increase in the proportion 

of carbohydrates within plants (Ainsworth and Long, 2005) and a proportional decrease 

in other components (Poorter et al., 1997). A decrease in the supply of C to lipid 

synthesis due to decreased proportional allocation to the lipid component of the plant 

would cause an increase in 13C within lipids, and all other plant components, relative to 

carbohydrates. As lipids comprise only ~2% of plant mass, a small change in the total 

amount of carbon supplied to their synthesis would be a large proportional change but 

extremely small in terms of the absolute change in mass, and its effects may therefore be 

detectable isotopically but not in changes in lipid concentration directly (Hobbie and 

Werner, 2004; Dungait et al., 2011). 

Elevated CO2 also induces a large number of changes in proportions of many individual 

compounds within plants but, as with many of the downstream effects of elevated CO2 

on plant metabolism, effects remain poorly studied, are probably species specific, and 

change based on covarying environmental conditions such as drought stress (Kanani et 

al., 2010; Creydt et al., 2019; Avila et al., 2020; Geddes-McAlister et al., 2020; Rodrigues 

et al., 2021). Isotopic changes could be induced by altering allocation at any branch point 

leading to n-alkane synthesis, meaning a shift in isotopic composition could indicate a 

large-scale shift of plant tissue types, a much smaller-scale change to different 

compound classes within lipids, or a combination of the two.  

(Zhou et al., 2015) suggests that changes to carbon allocation in n-alkyl lipids specifically 

are responsible for variations in isotopic composition within lipids, as concentration of 

n-alkyl lipids are associated with responses to environment to induce water savings but 

other lipid classes are more constant as their functions within plants require more 
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stable concentrations. However, changes in concentrations of other lipid components 

may be expected due to changes to plant metabolism under elevated CO2 (Scotti-Campos 

et al., 2019). Therefore, although any changes in n-alkane concentration under elevated 

CO2 would induce an isotopic shift by changing allocation patterns, changes to the 

proportion of other molecules may also induce an isotopic change in n-alkanes 

independent of their concentration, and a change in n-alkane εlipid in isolation does not 

identify which branch points may have been affected.  

Elevated CO2 could induce an effect on εlipid due to both changes in carbon allocation 

and changes in seasonal n-alkane production, as changes in CO2 concentration alter 

plant-water relations (Seibt et al., 2008). Since a key function of n-alkyl lipids within 

plants is waterproofing and an increase in CO2 concentration reduces stomatal water 

loss, a lower concentration of n-alkanes may be synthesised under elevated CO2 as 

saving water becomes less important for plant survival. Increases in n-alkane 

concentration are often but not always reported as a result of heat/drought stress, 

implying the trait is somewhat plastic (Kosma et al., 2009; Macková et al., 2013; 

Diefendorf et al., 2021). Interestingly, (Huang et al., 1999) reported an increase in n-

alkane concentration in elevated CO2, but a decrease in n-alkanol concentrations: this 

implies that changes to total n-alkyl lipid production are not always reflected in n-alkane 

synthesis specifically. Similarly, water savings under elevated CO2 may alter the 

phenology of n-alkane production by altering plant water requirements early in the 

growth season, when n-alkane synthesis is often highest (Gao et al., 2012).  

Few previous studies have experimentally determined the impact of environment on 

εlipid. Diefendorf et al. (2021) found that both heat and drought led to a decrease in 



91 
 

εlipid in Juniperus monosperma in an open-top chamber experiment, suggesting 

environmental variables can alter εlipid within a single species on short timescales, but 

as only a single species was studied, its impact on other species remains unknown. With 

regards to changes in atmospheric CO2 concentration, (Huang et al., 1999) found that an 

increase in CO2 concentration from 350 to 600 ppmv caused no change in εlipid in 

Betula pendula seedlings grown in pots after one growth season, whereas (H. Zhang et 

al., 2019) found a decrease in CO2 concentration led to a decrease in εlipid. Diefendorf et 

al. (2021) attributed their detected decrease in εlipid in the hotter, drier study groups to 

shifts in the seasonal timings of n-alkane synthesis rather than a direct change to 

biosynthetic fractionation itself. Effects of this sort may not have occurred in the studies 

of (Huang et al., 1999) and (H. Zhang et al., 2019), as both were grown indoors or within 

closed domes (Cotrufo et al., 1994): therefore, changes to the seasonal growth of plants 

are likely not the only mechanism by which εlipid can vary with environment.  

It is therefore possible for εlipid to vary with environmental change, but it does not 

occur in all experimental setups. It is unknown whether the difference in observed 

response were due to differences in experimental design or the different species used, or 

whether the response of εlipid to environment is variable over time. Furthermore, other 

than Diefendorf et al. (2021), all prior investigations of the response of εlipid to 

environment have only taken place in extremely short duration growth chamber 

experiments, meaning any potential changes to εlipid with environment induced on 

longer timescales, by exposure to co-occurring weather and seasonal changes, or in non-

juvenile perennial plants, may not have been seen.  
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Atmospheric CO2 concentration has changed profoundly through geologic time (Royer, 

2013), and understanding how plant biomarkers are influenced by CO2 would constrain 

our understanding of plant response as a whole to CO2 concentrations on these 

timescales. Specifically, our current interpretation of n-alkane δ13C attributes all shifts in 

n-alkane δ13C to changes to the δ13C of bulk plant tissue (Tipple and Pagani, 2007; Magill 

et al., 2013b; Schlanser et al., 2020) and does not tend to consider changes in post-

photosynthetic fractionation as a potential causal mechanism. Furthermore, if εlipid 

could be shown to vary consistently with environment, understanding it give rise to 

additional interpretations of n-alkane δ13C through geologic time.  

This study aims to characterise the influence of an increase in CO2 concentration on leaf 

wax n-alkane εlipid in two species over four years of CO2 treatment in the BIFoR FACE 

experiment. The four years of εlipid data from across the growth season presented here 

will allow attribution of any changes in εlipid to changes in seasonality, and show 

whether εlipid can be influenced by CO2 in a longer-term experiment taking place in a 

natural ecosystem. Specifically, this study will examine whether εlipid is influenced by 

CO2, whether this influence is consistent across the study period and through the growth 

season, if both species respond to CO2 similarly, and what biological and environmental 

processes can explain any observed trends in εlipid.  

Methods 

Preliminary data for the δ13C of atmospheric CO2 was obtained from Ullah, 2021 (pers. 

Comms). These were taken on a single occasion in 2021.  

Leaf samples were taken from the Birmingham Institute of Forest Research and 

processed for bulk and n-alkane δ13C as described in Chapter 2. In brief, samples of 



93 
 

approximately 4 leaves of A. pseudoplatanus and six leaves of C. avellana were collected 

from the three ambient CO2 and three elevated CO2 arrays at BIFoR FACE each month 

through the growth season from 2018-2021 to give a total of 6 samples per species 

collected on each sampling date. Samples were collected from head height, frozen at 

20°C and transported back to the University of Birmingham, where they were processed 

as described in Chapter 2 to determine their bulk and n-alkane δ13C.  

εlipid was calculated for each sample using Equation 1. The weighted mean average n-

alkane δ13C was used to produce εlipid, unless otherwise specified. The CO2 effect on 

εlipid was detrended from seasonal variation by calculating the deviation of each sample 

from the mean of all the samples for its given species and date. The full details of this 

detrending are explained in Chapter 3.  

Results 

Bulk δ13C ranged from -30.5 to -36.3 in the ambient treatment, and -33.0 to -41.0 in the 

elevated (Figure 1b). Both ambient and elevated values stayed similar over the four 

years of the experiment, and between the two species (Figure 1b). Weighted mean n-

alkane δ13C was generally lighter than bulk δ13C, and similar between both species 

(Figure 1a). It ranged from -35.1 to -42.4‰ in ambient CO2, and -32.3 to -46.3‰ in 

elevated CO2. n-Alkane δ13C showed more considerable overlap between CO2 treatments 

than bulk δ13C. 
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Figure 1: (a) n-alkane and (b) bulk plant δ13C over the 2018-2021 growing seasons. 

Error bars represent the maximum, minimum, and median of the three measurements 

made per species and CO2 treatment for each month. Where only 2 measurements were 

available, the median of the two measurements is marked with an x.  
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εlipid was more variable in C. avellana than A. pseudoplatanus throughout the 

experiment (Figure 2). Although somewhat obscured by monthly variability, εlipid was 

consistently higher in elevated than ambient pCO2 samples in both species. The 

difference between CO2 treatments was significant in both species both with and 

without detrending from monthly variability, but was larger in magnitude in C. avellana 

(average 1.9‰, detrended from monthly variability) than A. pseudoplatanus (average 

0.63‰).  

 

 

Figure 2: Weighted mean average εlipid over the 4 years of the study (left) and 

combined and detrended from monthly variation (right). 

On average, bulk δ13C decreased throughout the growth season in both species and 

treatments (Figure 3a). This decrease occurred at a roughly constant rate of -0.01‰ per 

day. n-Alkane δ13C was constant through the growth season in A. pseudoplatanus, and in 
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C. avellana ambient CO2 samples, but increased slightly in elevated CO2 samples (Figure 

3b).  

 

Figure 3: (a) bulk and (b) n-alkane δ13C, and (c) εlipid in all four years, compared to the 

day of year of sample collection 

εlipid increased seasonally in both species and CO2 treatments (Figure 3c). As εlipid is 

calculated from bulk and n-alkane δ13C, this trend originates from the decrease in bulk 

δ13C through the growth season, whilst n-alkane δ13C remained constant. The rate of 

increase of εlipid with day of year in A. pseudoplatanus was constant between the two 

treatments, though, as εlipid was consistently higher, the intercept was also higher. 

However, in C. avellana, the elevated treatment samples increased at roughly 2.5x the 

rate of the ambient (Table 1): at the beginning of the growth season, C. avellana showed 
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little difference between treatments, whereas by the end, a difference of around 3‰ 

was observed.  

Table 1: Linear regression between εlipid and year for each species and treatment 

Species/treatment Intercept Slope 

C. avellana ambient -7.78476 0.01057 

C. avellana elevated -9.0477 0.0267 

A. pseudoplatanus ambient -7.07027 0.01479 

A. pseudoplatanus elevated -5.60943 0.01072 

 

The seasonal changes in εlipid were larger in magnitude than any changes between 

years. In 2018 in A. pseudoplatanus, εlipid was significantly lower than the following 

three years. εlipid also did not increase through the growth season in this species and 

year, weakening the trend seen in Figure 3c. Other than A. pseudoplatanus in 2018, εlipid 

increased at least moderately as the growth season progressed in both species and CO2 

treatments, and there were no major differences in average εlipid year-on-year.  

εlipid of individual homologues 

The relationship between εlipid and homologue differed between the two species. In C. 

avellana, the shortest homologues (C25 and C27) were more enriched in 13C than the 

longer homologues (C29+), whereas in A. pseudoplatanus, the most enriched homologues 

were C25, C27, and C33 (Figure 4a). All homologues in both species showed a significant 

increase in εlipid in the higher CO2 treatment (Figure 4b). Of these, the C25 showed the 
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largest difference in εlipid with CO2 in A. pseudoplatanus, and the C25 and C27 showed the 

largest difference in C. avellana (Figure 4c).    

 

Figure 4: εlipid in the n-alkane homologues C25 to C33 for each species and CO2 

treatment, a) through the growth season, b) aggregated through the entire experiment, 

and c) difference between mean elevated and ambient εlipid for each homologue when 

detrended from seasonal variation. P-values indicate student’s t-test between elevated 

and ambient samples for each homologue and species.  
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Branched alkanes 

Branched alkanes eluted before the normal alkane of the same chain length: first the iso-

alkane, then anteiso, followed by the normal (Figure 5). Iso-alkanes tended to display an 

odd-over-even preference, and anteiso-alkanes an even-over-odd preference.  

 

Figure 5: chromatogram showing elution times of branched and n-alkanes. 

Isotopic composition was measured for the i-C31 and ai-C32 alkanes. Of samples where n-

alkane isotopes were measured, 92% contained measurable levels of the ai-C32 and 82% 

contained measurable levels of the i-C31.  

Branched alkanes’ εlipid ranged from -6‰ to +6‰ (Figure 6). The ai-C32 branched 

alkane was, on average, more enriched in 13C than the i-C31 by 0.88 ± 0.76‰, and the C31 

n-alkane by 2.5 ± 1.2‰. The εlipid of the branched alkanes were tightly correlated with 

each other (Figure 6a) and less tightly correlated with that of the weighted mean 

average (WMA) n-alkane εlipid (Figure 6b). 
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Figure 6: Crossplot of (a) i-C31 and ai-C32 branched alkane εlipid and (b) branched and 

weighted mean average n-alkane εlipid (relative to bulk) 

Branched alkane εlipid was higher in elevated samples compared to ambient in the first 

two years of the study; this difference was weaker or absent in 2020 and 2021 (in 2018-

19 p=e-5 and e-7 for the i-C31 and ai-C32 respectively, in 2020-21 p=0.4 and 0.1). On 

average over the four years, the difference in εlipid in elevated CO2 compared to ambient 

is greater in both branched alkanes than that seen in A. pseudoplatanus n-alkanes 

(average 0.5 increase in n-alkanes, and 1.3 and 1.5 for the i-C31 and ai-C32 respectively, 

Figure 7). A further CO2 effect can be observed in the difference between branched and 
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n-alkane δ13C that is expressed more weakly in the later two years of the experiment 

(Figure 7): there is a strong difference between treatments in the i-C31 from 2018-19 

that is more weakly observed in 2020-2021 (p=e-5 2018-2019 and 0.1 2020-2021), and 

2018-2020 but not 2021 in the ai-C32 (p=e-8 2018-2020, p=0.8 2021). 

 

Figure 7: Branched alkane εlipid in A. pseudoplatanus for the i-C31 (left) and ai-C32 (right) 

branched alkanes. Top panels are the εlipid between branched and bulk, bottom are the 

εlipid between branched and weighted mean average n-alkane. 

As with the n-alkanes, branched εlipid compared to bulk increased through the growth 

season in both homologues (p=e-5 and e-6 in the i-C31 and ai-C32 respectively, Figure 7). 

Unlike with n-alkanes, the εlipid of branched alkanes differed between the four years of 

the study: for example, εlipid of both the i-C31 and ai-C32 in both CO2 treatments were 

higher in 2019 than the other three years of the study (p<0.0007 in both homologues 
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and CO2 treatments). There was no consistent seasonal trend in the offset between 

branched and n-alkane δ13C (Figure 7). 

εlipid and n-alkane concentration 

Weighted mean average εlipid weakly covaried with log1o total n-alkane concentration 

in C. avellana (r=-0.4 p=e-6). This correlation may have also been present in A. 

pseudoplatanus, but was extremely weak (r=-0.2 p=0.06). When the concentration and 

εlipid of all homologues were compared separately, these trends strengthened in A. 

pseudoplatanus (Figure 8). Trends in A. pseudoplatanus were similar with and without 

the inclusion of the i-C31 ai-C32 branched alkanes: although consistently higher in 13C 

than the n-alkanes, the branched alkanes were also consistently lower concentration. 

The relationship between εlipid and concentration was not present within individual 

homologues, i.e. low concentration homologues tended to have higher εlipid, but a 

highly concentrated n-C25 sample did not necessarily have a lower εlipid than a low 

concentration sample (Figure 8b).  
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Figure 8: Relationship between log10(concentration) and εlipid of all n-alkanes and each 

alkane homologue. a) weighted average εlipid vs sum concentration of all homologues. 

b) log10(concentration) and εlipid of each individual alkane homologue.  
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Discussion 

Bulk δ13C  

Elevated CO2 treatment resulted in a clear decrease in bulk δ13C compared to ambient 

(Figure 1). This can be directly attributed to the additional CO2 pumped in to the 

elevated CO2 plots, which was significantly lighter than the δ13C of atmospheric CO2. This 

is often the case in elevated CO2 experiments (Lomax et al., 2019): δ13C in BIFoR and 

other experiments was derived from natural gas, which is strongly depleted in 13C 

compared to atmospheric (Andres et al., 2000). Measured source gas for BIFoR was -36 

± 0.14‰ on one occasion in July 2020 (Ullah, 2021, pers. Comms) 

CO2 supplier to the site was variable and large changes in δ13C between shipments could 

not be ruled out. Therefore, the δ13C of BIFoR’s source gas was not considered 

adequately constrained to the level necessary to quantify changes in photosynthetic 

fractionation within this dataset.  

The plants grown under ambient CO2, although isotopically heavier than the elevated 

CO2 plants, also showed extremely depleted δ13C compared to expected values for C3 

plants: any plant shown to have lower δ13C than -31.5‰ is considered to be affected by 

the canopy effect (Kohn, 2010). 87% of ambient samples in this study are more depleted 

than this cutoff (Figure 1).  

The canopy effect is generally associated with closed-canopy tropical rainforests, and 

causes a decrease in the δ13C of plants via several concurrent processes. High 

temperatures cause large amounts of soil respiration, which releases isotopically light 

CO2, which can then be incorporated alongside atmospheric δ13C into plant tissue. The 
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closed canopy minimises turbulent mixing of the atmosphere and allows CO2 to build up 

in the understorey without removal, compounding the process (Farquhar et al., 1989; 

van der Merwe and Medina, 1991). This effect is generally seen in tropical rainforests, 

but can occur in any closed-canopy forest (Bonafini et al., 2013).  

It is likely that these effects are responsible for the low bulk δ13C at BIFoR. δ13C of 

canopy oak leaves also taken at BIFoR fall within the normal range for C3 plants (Table 

A4), suggesting the depleted δ13C detected was limited in scope to the understorey. 

Therefore, this effect is likely not due to cross contamination of CO2 from enhanced CO2 

arrays into ambient, as this would be seen at all levels of the forest. δ13C of CO2 

measured in the understorey was measured at between 9 and 11‰ (Ullah, 2021, pers. 

Comms); significantly more depleted than the global atmospheric average of ~-8.7‰ 

(Keeling et al., 2001), and a change on a similar order of magnitude to the change in 

photosynthetic discrimination expected due to changes in CO2 concentration (Saurer et 

al., 2003). This implies that CO2 originating from soil respiration significantly depleted 

the 13C in source gas for photosynthesis in the studied trees. Since photosynthetic 

discrimination cannot be determined without highly constrained atmospheric δ13C or 

gas exchange data, the effects of this cannot be quantified. It is therefore unknown 

whether water use efficiency increased in the measured species.  

In addition to a decrease in δ13C, the canopy effect implies an increase in atmospheric 

pCO2 in the understorey of the forest, due to additionally released respired CO2 

(Flanagan et al., 1996). The absolute CO2 concentration over the study therefore cannot 

be assumed. However, as an additional +150 ppmv CO2 was added at all levels of the 

canopy, elevated CO2 arrays still represent an increase in CO2 concentration compared 
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to ambient, and although this limits the potential for quantifying CO2 effects, observed 

changes in response to the additional +150 ppmv CO2 in this study can still be attributed 

to such.  

εlipid  

The observed increase in n-alkane εlipid with CO2 concentration corresponds to a 

decrease in the magnitude of biosynthetic fractionation under elevated CO2. This effect is 

small and its magnitude is species-specific, but consistent across all four years of the 

study (Figure 2). This is consistent with the findings of Schubert and Jahren (2012) and 

Zhang et al. (2019) who also detected an increase in εlipid with increasing CO2 

concentration, which varied in magnitude between their studies (and therefore their 

study species), but is counter to the study of (Huang et al., 1999), which found no effect 

of a CO2 increase on εlipid. As this study found inconsistent changes to εlipid between 

the two species, it is likely that the differences in εlipid detected in the above study can 

be attributed at least partially to differing responses between species, rather than solely 

due to differences in experimental design.  

Influence of seasonality on εlipid and CO2 response 

The difference in εlipid between CO2 treatments increased with day of year in C. avellana 

but not in A. pseudoplatanus (Figure 3). This suggests that the CO2 effect on εlipid in C. 

avellana compounded through the growth season, and is evidence that seasonal changes 

in n-alkane production influenced εlipid in this species. 

In C. avellana, the difference between treatments was minimal in the earliest samples 

taken in the season (Figure 3c), suggesting that at the beginning of the growth season, 

differences in εlipid between treatments were small or absent. Elevated CO2 treated 
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samples of this species were the only ones to show a trend in n-alkane δ13C through the 

growth season: in ambient C. avellana and both treatments of A. pseudoplatanus, n-

alkane δ13C remained constant (Figure 3b).  

The seasonal change in isotopic composition of n-alkanes can indicate the time in the 

growth season at which they are synthesised. Any change in δ13C in bulk or n-alkane 

tissue throughout the growth season indicates production of bulk or n-alkane tissue has 

continued throughout, although constant δ13C could also be produced if both the 

substrate and magnitude of fractionations during formation of tissue remain constant 

seasonally. The δ13C of both atmospheric CO2 (Keeling et al., 2005a) and bulk plant δ13C 

(Newberry et al., 2015; Tipple and Ehleringer, 2018) vary seasonally depending on use 

of autotrophic versus stored carbon, explaining the decrease in bulk δ13C through the 

growth season observed here (Figure 3a). n-Alkane δ13C in A. pseudoplatanus and 

ambient C. avellana, however, remained constant throughout the growth season. This 

implies n-alkanes were produced largely at the beginning of the growth season, or their 

δ13C would mirror bulk tissue (Tipple et al., 2013). The apparent increase in εlipid 

through the growth season was driven entirely by the decrease in bulk δ13C. This 

suggests that, for samples taken later in the growth season, bulk δ13C does not well 

approximate the photosynthetic carbon pool used for n-alkane synthesis, and if εlipid is 

to be used to quantitatively trace changes to biosynthetic processes, care must be taken 

to ensure that both bulk and n-alkane δ13C reflect the same carbon pool temporally. This 

suggests that in plants where n-alkanes are largely synthesised at the beginning of the 

growth season, calculation of their εlipid should take place soon after leaf flush, when 

the carbon pools used for leaf growth and n-alkane synthesis are likely more 

synchronised. 
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The increase in n-alkane δ13C detected in elevated C. avellana but not ambient through 

the growth season suggests that elevated CO2 has induced a move from n-alkane 

synthesis only at the beginning of the growth season to some synthesis throughout. 

Whether n-alkanes are synthesised largely at the beginning of the growth season or 

throughout varies between studies (Sachse et al., 2009, 2010, 2015; Gao et al., 2012; 

Newberry et al., 2015; Oakes and Hren, 2016; Huang et al., 2018), suggesting it is 

species- and site-specific. However, as studies tend to investigate changes over the 

growth season at single locations, changes to the seasonality of n-alkane production 

with environment have not hitherto been studied. This data directly shows that in C. 

avellana, the timing of n-alkane synthesis is somewhat plastic to environmental changes. 

Geologically, understanding the timing of n-alkane synthesis throughout the growth 

season constrains any climate signal that may be recorded, as it is expected that n-

alkanes would primarily record a signal of the environment at the time they were 

synthesised. Evidence that n-alkane synthesis is changeable on short timescales due to 

environmental stimuli therefore complicates interpretation of n-alkanes geologically 

(Oakes and Hren, 2016). 

In A. pseudoplatanus, the difference in εlipid between treatments remained constant 

through the growth season. Therefore, changes in the timing of n-alkane synthesis 

cannot explain trends in εlipid in this species. This further suggests that the response of 

n-alkane synthesis timings to environment are species-specific, and either suggests that 

in A. pseudoplatanus, the seasonal timing of n-alkane production is invariant to 

environment entirely, or that any covariance requires longer timescales than the 

duration of this experiment.  
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Influence of carbon allocation on εlipid and CO2 response 

A. pseudoplatanus, unlike C. avellana, showed constantly higher εlipid in elevated CO2 

throughout the growth season (Figure 3c), making it unlikely that seasonal shifts in the 

production of n-alkanes are responsible for the observed effect. This therefore suggests 

that the change in εlipid is induced by changes in supply and demand of and for carbon 

within the plant.  

Changes in CO2 concentration profoundly alters leaf chemistry in ways which may 

induce changes in carbon allocation at branch points during the synthesis of n-alkanes 

(Poorter et al., 1997). If this effect is occurring within this dataset, identifying the precise 

location of changes in allocation is difficult, and although this dataset contains 

indications of changes to carbon allocation, the specific reactions involved cannot be 

determined.  

In this study, elevated CO2 resulted in a decrease in n-alkane concentration in C. avellana 

(Chapter 3), indicating a decrease in the proportion of carbon allocated to n-alkane 

synthesis in this species. However, a decrease in the proportion of n-alkanes present in 

elevated CO2 would lead to a greater isotope fractionation and decreased εlipid, the 

opposite to what is observed. This data contradicts the hypothesis of (Zhou et al., 2015), 

which suggested that n-alkyl lipid concentration is the dominant control on εlipid, and 

the two should positively covary. It is possible that, as in (Huang et al., 1999), a decrease 

in n-alkanes detected in elevated CO2 was accompanied by a greater increase in n-

alkanol concentration, or that of other n-alkyl lipids. As the concentration of all n-alkyl 

lipids was not measured in this study, a decrease in n-alkanes cannot necessarily be 

assumed to represent changes in other n-alkyl compounds.  
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A decrease in concentration of n-alkanes under elevated CO2 functionally corresponds to 

an increase in leaf permeability, which may be expected under elevated CO2 (Chapter 3). 

This would suggest that, under elevated CO2, εlipid should decrease. However, no study 

thus far has ever identified a decrease in εlipid with increasing CO2 concentration, as 

would be expected if changes in n-alkane concentration were the dominant driver of 

their isotopic response. Moreover, in this study, even when a change in n-alkane 

concentration was identified, the isotopic effect observed was contrary to the expected 

result.  

No change in n-alkane total concentration was observed throughout the growth season 

in A. pseudoplatanus (Chapter 3), meaning if any isotope effects were caused by a change 

in the proportion of n-alkanes synthesised, any change must have been small enough to 

be within the margin of error for n-alkane concentration. εlipid and alkane 

concentration did covary when the concentrations and εlipid of individual n-alkane 

homologues were compared (Figure 8) but, as with C. avellana, the relationship was the 

opposite of what would be expected if εlipid was driven solely by n-alkane 

concentration. It therefore appears that in both species, n-alkane concentration and 

εlipid covary, but in the wrong direction to the assumed mechanism. Unlike with C. 

avellana, however, changes to seasonality cannot explain the observed εlipid in A. 

pseudoplatanus, meaning that it is likely that changes to carbon allocation that do not 

directly relate to the concentration of n-alkanes are responsible. 

Branched alkane εlipid 

The isotopic composition of a compound is affected by the isotopic composition of its 

carbon source, the magnitude of instantaneous enzymatic fractionation applied at 
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branch points during their synthesis, and the proportion of available substrate allocated 

to the compound at branched points (Hayes, 1993, 2001). Branched alkane δ13C, in 

tandem with that of n-alkanes, provides further information on all of these processes.  

Branched alkanes are synthesised using an initial precursor molecule of valine and 

isoleucine for iso- and anteiso-alkanes respectively. They are then elongated via 

sequential additions of acetyl CoA-derived C2 units, as with n-alkanes (Kroumova et al., 

1994; Busta and Jetter, 2017). Therefore, the δ13C of branched and n-alkanes should be 

closely related, as the majority of their carbon skeleton comes from the same source, but 

branched alkanes additionally reflect the δ13C of their respective amino acids (Figure 6). 

The pattern of depletion between branched and n-alkanes detected in this study (from 

most to least depleted in 13C; n-, iso, anteiso-) is consistent with previous results for the 

isotopic composition of these compounds reported in Grice et al., 2008 and Zhou et al. 

(2010), but not Reddy et al. (2000), which found no systematic difference between the 

three compounds. The magnitude of these relative depletions is slightly lower but within 

the error range of (Grice et al., 2008). 

Valine is produced from the same chloroplastic pyruvate pool as n-alkanes, meaning 

substrate δ13C is identical. Therefore, the difference in 13C between iso- and n-alkanes 

may relate to a difference in fractionations during its synthesis compared to n-alkanes 

(Grice et al., 2008). Isoleucine, by contrast, is synthesised from oxaloacetate, which is 

additionally enriched in 13C due to its incorporation of heavier 13C deriving from other 

sources within the cell (Vollbrecht, 1974; Bryan, 1980; Grice et al., 2008). Therefore, if 

δ13C of branched alkanes was only influenced by the δ13C of their carbon substrate, iso-

alkane δ13C would covary more closely with n-alkane δ13C than anteiso-alkane δ13C. This 
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was not the case in this study (Figure 6), which suggests the δ13C of both branched 

alkanes were more similar to each other than to n-alkanes.  

The tight covariance of εlipid between iso- and anteiso-alkanes suggests that, although 

their amino acid precursors are different and produced in different parts of the cell, 

their isotopic composition is linked more closely to each other than to n-alkanes. 

Therefore, the similarity of their composition must be due to differences in a common 

process to the two branched alkanes, which differs from n-alkanes. Changes to carbon 

allocation at branch points can explain the difference in branched and n-alkane δ13C, but 

does not explain why iso- and anteiso-alkanes are so similar to each other, as when only 

comparing the carbon pools used for their synthesis, iso-alkanes use entirely the same 

pool as n-alkanes and should more closely follow their trends.  

Busta and Jetter (2017) provided genetic evidence that CER2-LIKE proteins, which are 

partially responsible for the final stages of elongation of VLCFA precursors of n-alkanes, 

do not elongate branched alkanes. The relationship between branched and n-alkane δ13C 

in (Figure 6) could reflect this, if this group of proteins applies an isotopic fractionation. 

Although the majority of evidence for 13C depletions in n-alkyl lipids focusses on 

fractionations applied during the biosynthesis of acetyl CoA (DeNiro and Epstein, 1977; 

Monson and Hayes, 1980, 1982; Blair et al., 1985; Hayes, 1993, 2001; Hobbie and 

Werner, 2004; Zhou et al., 2015), this data is evidence for an isotope fractionation 

during the synthesis of n-alkanes which occurs downstream of acetyl CoA, and the 

difference in proteins used for biosynthesis of branched and n-alkanes is suggestive of 

the proteins responsible.  
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In 2018 and 2019 for both branched alkanes, and 2020 for the ai-C32, the difference 

between branched and n-alkane δ13C was larger in elevated CO2 samples than ambient 

(Figure 7). This implies some additional fractionation was induced by elevated CO2 

either during the synthesis of their amino acid precursors, or due to a CO2 effect on the 

enzymes used for both branched and n-alkane synthesis. Changes to enzyme structure 

are unlikely, as it would imply genetic changes had occurred after just 2 years of CO2 

exposure in a single generation of plants. This trend is therefore more likely attributable 

to changes in allocation to existing processes. Elevated CO2 can decrease protein 

concentration even while lipid concentration remains constant (Taub et al., 2008; Högy 

et al., 2013), suggesting that this effect may be a result of CO2-induced alterations to 

amino acid synthesis.  

Attributing the cause of the increased εlipid in both branched and n-alkanes under 

elevated CO2 in A. pseudoplatanus is therefore challenging. This species shows no change 

in seasonal production of odd-chained n-alkanes under elevated CO2, and no change to 

any n-alkane chemical parameter (Chapter 3). The only changes with CO2 detected in 

this species are the fractionations of branched and n-alkanes when compared to bulk 

δ13C, and the difference in isotopic fractionation between branched and n-alkane δ13C. 

Moreover, trends were not consistent in branched alkanes throughout the study, but 

were in n-alkanes, meaning that there must be some difference in the mechanisms 

driving branched and n-alkane εlipid. Furthermore, difference in δ13C response to CO2 

between branched and n-alkane δ13C were not constant over time, suggesting a shift in 

the processes involved during the study. The most likely explanation for the trends seen 

in A. pseudoplatanus is that carbon allocation under elevated CO2 shifted at several 

different branch points, but the evidence presented here cannot identify where.  
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The magnitude of change of εlipid under elevated CO2 was larger in C. avellana than A. 

pseudoplatanus (figure 2), and unlike A. pseudoplatanus, wax n-alkane chemistry also 

appeared to respond to CO2, in ACL, dispersion, and total n-alkane concentration 

(Chapter 3). Furthermore, ACL, dispersion, and εlipid were all more variable in C. 

avellana than A. pseudoplatanus (Figure 9). n-Alkane concentration was lower in C. 

avellana than A. pseudoplatanus (p=e-16), potentially meaning that a smaller change in 

production of specific n-alkanes (e.g. a slight decrease in production of longer chain 

lengths under elevated CO2) would be required to induce a measurable effect on n-

alkane ACL in total. CPI was, however, more variable in A. pseudoplatanus than C. 

avellana: this is probably at least partially as a result of the large changes through the 

growth season observed in A. pseudoplatanus but not C. avellana (Chapter 3 Figure 3) 

rather than the difference in CPI between the three replicates taken each month. The 

influence of CO2 as well as the larger total range observed in C. avellana ACL, dispersion, 

and εlipid suggests that, potentially, wax response to environment in C. avellana is more 

plastic than A. pseudoplatanus. This has implications for future study of leaf wax to 

environment, as it suggests that if one parameter of n-alkanes responds to environment, 

others may as well.  
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Figure 9: histogram of ACL, dispersion, total n-alkane concentration, CPI and εlipid in A. 

pseudoplatanus and C. avellana from 2018-2021 

Furthermore, although this study only compares two species and the trend therefore 

cannot be confirmed statistically, it is possible that species with a lower concentration of 

n-alkanes respond more to environment than those with a high concentration. If this is 

the case, n-alkane response to environment in the geologic record may be somewhat 

muted as species that produce larger concentrations of wax will have an outsize 

influence on trends recorded at the catchment level (Carr et al., 2014), but an 

environment containing a greater biomass of species that produce less wax could still 

show trends. One potential implication of this finding is that environments where wax 

was predominantly contributed by gymnosperms, which produce less wax than 

angiosperms (Bush and McInerney, 2013) may respond more strongly to environment 
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than an equivalent angiosperm-dominated habitat, but as this study did not use 

gymnosperms, this remains speculative.  

Comparison of observed εlipid effect with other published data 
 

This data broadly agrees with the conclusions of Zhang et al. (2019), that higher CO2 

concentrations lead to an increase in εlipid. A re-analysis of bulk and n-alkane data 

presented in Schubert and Jahren (2012) also shows this effect (Figure 10). This is in 

contrast to the observations of Huang et al. (1999), which observed no change to εlipid 

under increased CO2. However, the magnitude of the change in εlipid observed in these 

studies varied: Zhang et al. (2019) found a ~2‰ difference between 170 and 400 ppmv, 

whereas Schubert and Jahren (2012) found only a 0.6‰ effect between 400 and 4000 

ppmv, with extremely large scatter (Figure 10). When the change in εlipid with CO2 

measured in these studies is normalised to the +150 ppmv used in this study, the 

observed CO2 effect ranges from 0 (Huang et al., 1999) to +2.1 (this study in C. avellana)  

 

Figure 10: 

Relationship between 

[CO2] and εlipid in the 

study of Schubert and 

Jahren (2012). 
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In both this study and every study of effect of environment on εlipid where both n-

alkane concentration and εlipid were reported (Huang et al., 1999; H. Zhang et al., 2019; 

Diefendorf et al., 2021), n-alkane concentration negatively covaried with εlipid (as in C. 

avellana, and in Diefendorf et al. (2021) or showed no trend (as with A. pseudoplatanus, 

and in Huang et al., 1999 and Zhang et al. (2019)): the opposite of what is expected if n-

alkane concentration itself were the only controlling parameter in their isotopic 

composition. n-Alkane concentration was not recorded in the study of Schubert and 

Jahren, (2012).   
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Table 2: Change in εlipid in this and other published studies that would be expected 

under an increase of +150 ppmv, assuming that εlipid varies linearly with CO2 

Source Predicted increase in 

εlipid under +150 ppmv 

CO2 (‰) (linear model) 

CO2 treatments 

(ppmv) 

This study – A. pseudoplatanus 0.63 Ambient atmospheric, 

+150 to ambient 

This study – C. avellana 2.1 Ambient atmospheric, 

+150 to ambient 

Zhang et al., 2019 1 170, 280, 400 

Schubert and Jahren, 2012 0.0024 407, 497, 576, 780, 

1494, 1766, 2723, 

3429, 4200 

Huang et al., 1999 0 350, 600 

 

Except Schubert and Jahren (2012), all the studies of Table 2, including this one, used 

too few CO2 levels to determine whether the observed change in εlipid with CO2 was 

linear, and there is no reason to believe this is the case. Zhang et al. (2019), which 

examined sub-ambient CO2 concentrations, observed a larger predicted change in εlipid 

than was seen in A. pseudoplatanus in this study. The larger magnitude of εlipid in C. 

avellana was likely due to the effects of changes in the seasonal production of n-alkanes, 

and therefore is not directly comparable to Schubert and Jahren (2012), Zhang et al. 
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(2019), or other studies using short-term growth chambers. Further data is necessary to 

quantify the relationship between εlipid and CO2, and to determine whether, in absence 

of seasonal effects, the relationship varies linearly.  

Summary of CO2 effect on εlipid  

This study detected a sustained increase in εlipid in two species growing within their 

natural environment under elevated CO2. This, combined with the work of previous 

studies (Schubert and Jahren, 2012; H. Zhang et al., 2019; Diefendorf et al., 2021) 

confirms that changes to εlipid are common in response to short-term changes in 

environmental conditions. It therefore seems likely that the magnitude of biosynthetic 

fractionations are somewhat changeable with environment. Since the plants involved in 

this study were grown in ambient CO2 prior to the 2017 growth season, it also seems 

likely that εlipid is responsive to changes in conditions within a single generation. 

This data suggests that C. avellana εlipid is influenced by seasonality, but A. 

pseudoplatanus is not, meaning an alternate explanation for changes in εlipid to that 

presented in Diefendorf et al. (2021) is needed. This data could not show whether 

changes in carbon allocation were directly responsible for observed εlipid shifts, or, if 

they were the cause of the shifts, which branch points were affected, but also could not 

rule out the possibility, but the trends seen in branched alkane δ13C suggest that 

alterations occurred both in n-alkyl lipid and amino acid synthesis. Further study of the 

isotopic and % composition of other plant components (e.g. carbohydrates, amino acids, 

lipids synthesised by alternate pathways to the acetogenic, and n-alkyl components 

other than n-alkanes) will help to narrow down if, and where, carbon allocation has 

changed.  
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Implications for geology 

It is difficult to determine the longer-term impact of CO2 or other environmental 

conditions on εlipid with the available data. Elevated CO2 experiments are expensive and 

are rarely run for >10 years (U.S. Department of Energy, 2020), and CO2 gradients are 

rare in nature, meaning that evaluating the longer-term effects of CO2 levels above 

ambient concentrations is problematic. This study confirms that changes to εlipid are 

sustained by the end of the fifth year of CO2 exposure (Figure 2), but cannot show 

whether changes are sustained between generations or on evolutionary timescales. As 

n-alkane δ13C is roughly similar to modern values even at times of extreme CO2 

concentration during the Cenozoic (Diefendorf et al., 2015a), if environment alters εlipid 

on these timescales, the effect must be small. Furthermore, considering uncertainties in 

reconstruction of atmospheric CO2 on geologic timescales, even correlating n-alkane 

δ13C to CO2 concentrations is difficult. 

Understanding the cause of the εlipid shift would assist in determining whether it would 

be expected to occur on geologic timescales. If, as was interpreted in Diefendorf et al. 

(2021), the majority of isotopic effects observed are due to changes in the seasonality of 

bulk and n-alkane production, changes to seasonality itself may also induce an influence 

on εlipid, independent of changes to pCO2, temperature, or water availability that may 

co-occur. The n-alkane δ13C data presented here suggests that in C. avellana, elevated 

CO2 may have induced n-alkane production to increase throughout the growth season 

where it did not occur previously: the relationship between changes in environment, 

changes in seasonality of n-alkane production, and changes in εlipid require further 

investigation.  
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Knowledge of if, and where, changes in carbon allocation may influence n-alkane δ13C 

would also aid in determination of εlipid in the geologic record. If the same branch 

points are consistently affected across multiple species, plant functional types, and/or 

plant clades, this could be taken as evidence that a response in εlipid to CO2 is 

conserved, and may occur systematically.  

All measured homologues in both species showed an increase in εlipid with CO2. This 

increase was largest in the homologues that were, on average, the most enriched in 13C 

(i.e. the C25 and C27 in C. avellana, and the C25 and C33 in A. pseudoplatanus). These 

homologues are all often low concentration compared to the more abundant 

homologues of C29 and C31 (Figure 4), making their detection geologically more difficult. 

Furthermore, the C25 homologue is produced abundantly by aquatic species and mosses 

such as Sphagnum, making its attribution solely to terrestrial plants in the geological 

record problematic (Bush and McInerney, 2013). Therefore, although it shows the 

strongest signal with CO2 in this data, this may be obscured geologically by its 

provenance. As all measured homologues show a significant change in εlipid with CO2 

(Figure 4b), use of longer, more abundant homologues that are solely produced by 

terrestrial plants would show the same signal, albeit more weakly. The C33 homologue 

showed a comparatively strong response in A. pseudoplatanus but the weakest response 

in C. avellana (Figure 4c). The response in C. avellana is still stronger than all but the 

C25’s response in A. pseudoplatanus, suggesting the longest homologues may be the best 

target to look for CO2 effects in εlipid in the geologic record.  

(Schlanser et al., 2020) identified a decrease in n-alkane δ13C, assuming constant εlipid, 

with CO2 on Cenozoic timescales, roughly equivalent to a 4‰ change over the full range 
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of CO2. If their CO2 reconstruction is accurate, this would amount to a 0.6‰ increase 

over 150 ppmv CO2 concentration: similar in magnitude to the change observed in A. 

pseudoplatanus in this study, and within an order of magnitude of all detected effects 

save the larger fractionation in this study in C. avellana (Table 2). The analysis of 

Schlanser et al. (2020) attributed this effect to changes in bulk plant δ13C due to changes 

in water-use efficiency induced by CO2, but this study suggests CO2-induced alteration to 

εlipid as an alternate explanation for their data.  

This data therefore suggests that caution should be used when applying constant εlipid 

derived from modern leaves to convert geologic n-alkane δ13C to bulk δ13C. The 

relationship between bulk δ13C and CO2 is contentious (Lomax et al., 2019; Konrad et al., 

2020; Basu et al., 2021; Scher et al., 2022), and the link between εlipid and CO2 identified 

in this chapter may be enough to affect interpretations. In particular, the CO2 proxy of 

Schubert and Jahren (2012) should be applied to n-alkane δ13C with extreme caution, as 

a consistent change in εlipid with CO2 has the potential to inflate CO2 estimates. 

Conclusions 

This study investigated the influence of elevated CO2 on the carbon isotopic composition 

of branched and n-alkanes of two common deciduous woodland species over 4 years, 

within their natural ecological setting. In both species, the difference in bulk δ13C 

between the two treatments was greater than the difference in n-alkane δ13C, meaning 

that n-Alkane εlipid increased when exposed to +150 ppmv CO2. This effect was 

observed consistently across all four years of the study, in all measured n-alkane 

homologues, but the magnitude of the change with CO2 was inconsistent both between 

the two species, and between individual n-alkane homologues, suggesting the response 
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of εlipid to CO2 is species-specific, and CO2 induces an increase in εlipid via multiple 

mechanisms. In C. avellana but not A. pseudoplatanus, the majority of the observed effect 

can be attributed to changes in the seasonal production of n-alkanes: it is most likely 

that in A. pseudoplatanus εlipid instead increased due to changes in carbon allocation 

under elevated CO2 to different compounds during biosynthesis. Neither species, 

however, showed the relationship between εlipid and n-alkane concentration expected if 

changes to the magnitude of n-alkane synthesis under elevated CO2 specifically were 

responsible for the observed changes in εlipid.  

The average εlipid of n-alkanes remained relatively constant in both species between the 

four years of the study. Conversely the εlipid of branched alkanes in A. pseudoplatanus 

were not stable year-on-year: the differences in branched εlipid between CO2 treatments 

was large 2018-2019 but absent 2020-2021. This suggests that branched and n-alkane 

synthesis occur by different mechanisms, and that a potential change to the synthesis of 

amino acids under elevated CO2 occurred after several years’ exposure.   

Collectively, this data suggests that εlipid of n-alkanes cannot assumed to be constant 

with environment the geologic record. Therefore, the use of n-alkanes as a palaeo-CO2 

proxy as described by Schubert and Jahren (2012) should be undertaken with extreme 

caution when n-alkane δ13C is not paired with bulk plant δ13C data, as changing εlipid 

would induce an effect on n-alkane δ13C similar in magnitude to the changes to bulk δ13C 

used by the proxy for CO2 reconstruction, and may therefore lead to overestimation of 

palaeo-CO2. However, if the effects of elevated CO2 on bulk δ13C can be adequately 

deconvolved from that of n-alkanes, εlipid in the geologic record may provide 

information on the biochemical response to past CO2 concentrations.  
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Chapter 5: Alkenone-based reconstruction of Eocene pCO2 

from the Rockall Trough, NE Atlantic 

Authorship statement 

Samples from core 16/28-sb01 were drilled by the Mv Bucentaur by the Rockall Studies 

Group and the British Geological Survey in 1999. Samples were extracted for alkenones 

by Beth Chamberlain under the guidance of Dr Heiko Moossen. They were initially 

analysed by GC-FID to confirm the presence of alkenones, and then by GC-C-IRMS to 

determine their δ13C by Dr Heiko Moossen. The N4 fraction was analysed for GDGTs 

using high performance liquid chromatography-atmospheric pressure chemical 

ionisation-mass spectrometry at the NERC Life Science Mass Spectrometry Facility in 

Bristol by Hanna Gruszczynska, under the guidance of Dr David Naafs and Dr Ian Bull. 

Samples were picked for planktic foraminifera these were analysed for their δ13C by Dr 

Ulrike Baranowski. Coccolith size was measured by Dr Ulrike Baranowski. I re-analysed 

the N3 fraction by GC-FID to quantify the concentration of the C37:3 and C37:2 alkenones 

for temperature reconstruction, and confirmed their identity using GC-MS. Xiaoqing Liu 

converted GDGT distributions into sea surface temperature using BAYSPAR, and I 

converted UK’37 to the same using BAYSPLINE. I converted all of the above into a CO2 

reconstruction, using both my own code and, for the monte carlo simulations, code 

written by Dr Marcus Badger. All analysis and interpretation of CO2 and temperature 

data is my own.  
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Abstract 

The alkenone pCO2 proxy is one of the principal methods by which atmospheric CO2 

concentrations are reconstructed in the Cenozoic. However, its use has previously been 

limited to the last 45 million years as a) alkenones are rare in the fossil record before 

this point, and b) the proxy becomes increasingly uncertain in warm, high-CO2 

conditions. As the warmest interval of the last 66 million years, understanding 

atmospheric pCO2 concentration during the Early Eocene Climatic Optimum (EECO, 53-

49 Ma) is vital to understanding the climate dynamics of so-called greenhouse worlds, 

but also extremely challenging for alkenone-based pCO2 reconstructions. This study 

presents a reconstruction of pCO2 from 51-49 Ma using alkenones, coccoliths, GDGTs 

and planktic foraminifera preserved in Core 16/28-sb01, from the Rockall Trough in the 

Northeast Atlantic. I show that the lack of sensitivity in the proxy at high CO2 

concentrations leads to extremely high CO2 estimates of over 7000 ppmv under the 

default input parameters of the proxy. By varying the value of non-CO2 input parameters 

to the proxy, CO2 concentrations decrease, but remain high at >1000 ppmv. The lower 

range of CO2 concentrations produce match estimates produced by alternate proxy 

methods such as the δ11B of planktic foraminifera in the time interval, but are much 

higher than estimates produced by analysis of fossil land plant remains. Therefore, this 

study suggests that lack of constraint on input parameters makes alkenone-based CO2 

reconstruction in the early Eocene challenging, but the proxy qualitatively lends support 

to the upper range of alternate proxy estimates for CO2 through the interval.  
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Introduction 

As a major greenhouse gas and driver of long-term climate change through geologic 

time, understanding both the CO2 concentration and the climate’s response to it is of 

critical importance in determining Earth’s future response to CO2. In order to determine 

this, the concentration of CO2 in earth’s atmosphere through time must itself be 

determined (Royer, 2013; Rae et al., 2021). Many techniques are used to determine past 

CO2 concentration, including ice cores, the boron isotopic composition (δ11B) of the 

shells of planktic foraminifera, precipitation of the mineral nahcolite, and reconstructed 

gas exchange of fossil plants (Rae et al., 2011, 2021; Royer, 2013; Franks et al., 2014; 

Jagniecki et al., 2015). In particular, knowledge of the climate dynamics of key intervals 

in Earth’s history can provide insight into the behaviour of the Earth system that allow 

for best prediction of the future state of the Earth’s climate (Gulev et al., 2021). 

Improving understanding of CO2 concentration through the early Eocene would fill a gap 

in understanding of climate dynamics during a key geologic interval. The Early Eocene 

Climatic Optimum (EECO) (53.2-49.1 Ma) (Westerhold et al., 2018a) was characterised 

by the warmest temperatures and highest atmospheric CO2 concentrations of the 

Cenozoic (Inglis et al., 2020; Rae et al., 2021), making understanding it a major target for 

understanding the behaviour of Earth’s climate system under high levels of pCO2 (Gulev 

et al., 2021). However, quantifying the environmental conditions during this episode has 

proved challenging: CO2 estimations over the interval have ranged from values similar to 

modern ambient concentrations (Cui and Schubert, 2016; Steinthorsdottir et al., 2019) 

to over 2000 ppmv (Anagnostou et al., 2020).  
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The alkenone CO2 proxy is one key method of reconstructing CO2 on Cenozoic 

timescales. Alkenones are a class of long-chained unsaturated methyl and ethyl ketone 

biomarkers, ranging from 35-40 carbons in length, and containing 2-4 unsaturated 

bonds (Theroux et al., 2010; Brassell, 2014; O’Neil et al., 2021). Of these, the δ13C of 

heptatriaconta-15E,22E-trien-2-one (C37:2) is commonly used for CO2 reconstruction, 

and the relative proportions of it and heptatriaconta-8E,15E,22E-trien-2-one (C37:3) are 

used to reconstruct temperature (Brassell et al., 1986; Prahl and Wakeham, 1987). They 

are produced by a single group of monophyletic haptophyte algae of the order 

Isochrysidales which evolved in the Cretaceous; the first C37:2 alkenones are found in 

sediments dating from the early Eocene (Farrimond et al., 1986; Brassell, 2014). 

Alkenone producing haptophyte algae are well known in the modern: the species 

Emiliania huxleyi is ubiquitous in modern oceans, can make up a large proportion of all 

plankton in an area (Poulton et al., 2017) and alongside fellow alkenone producer 

Gephyrocapsa oceanica is readily grown in laboratory conditions (Buitenhuis et al., 

2008). In the geologic record, evidence of alkenone producers can be determined both 

from the presence of alkenones and from the presence of fossilised calcium carbonate 

coccoliths produced to cover the cell surface (Henderiks and Pagani, 2007). As 

biomarkers, alkenones are of importance as unlike more generic algal biomarkers used 

for CO2 reconstruction, their producers are known and have remained specific to 

Isochrysidales, reducing uncertainty stemming from changes to the makeup of 

producers, and allowing for additional archives of information present in the geologic 

record also produced by this group to further inform calibrations (Henderiks and 

Pagani, 2008; Wilkes et al., 2018). This reduces the likelihood of trends in CO2 

reconstruction being obscured by changes in lipid producer to a very different organism 
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with very different environmental growth preferences (Herbert, 2013). The pervasive 

preservation of fossil coccoliths of alkenone-producers alongside alkenone biomarkers 

allows for a range of biological parameters and growth conditions to be estimated 

alongside the analysis of biomarkers, including cell size (Henderiks and Pagani, 2007, 

2008), carbon limitation (McClelland et al., 2017) and growth rates (Rickaby et al., 

2002). However, uncertainties in the alkenone pCO2 proxy remain, and the proxy is 

highly dependent on reconstruction of ancient ocean temperatures (Super et al., 2018).  

In order to calculate alkenone pCO2, the temperature at which alkenones were produced 

is required as an additional input parameter. As alkenone-producing haptophytes are 

photoautotrophic plankton, this is assumed to be the sea surface temperature. 

Temperature for use in pCO2 reconstruction is calculated using a variety of methods, 

including the ratio of di- to triunsaturated alkenones present within a sample, the 

relative abundances of C86 glycerol dialkyl glycerol tetraethers (GDGTs), and the δ18O 

and Mg/Ca of calcite derived from planktic foraminifera (Judd et al., 2022). Notably, in 

order to accurately reconstruct pCO2, the temperature reconstruction used must match 

the precise temperature within which alkenone-producing cells grew, rather than the 

temperature at a different depth within the water column, and care must be taken to 

ensure that producers of a given proxy were cohabitating with alkenone producers (Seki 

and Bendle, 2021).  

As the UK’37 SST proxy utilises the same alkenones used for pCO2 reconstruction, these 

temperature estimates are clearly the most appropriate for alkenone-based CO2 

reconstructions. but only within the range of temperatures within which the proxy is 

applicable. Alkenone-based temperature estimates are reconstructed using the UK’37 
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index, defined as the ratio of the C37:2 to the C37:3 forms, where a greater relative 

proportion of the C37:2 form is produced at higher growth temperatures. For alkenone 

CO2 reconstruction, use of UK’37 to reconstruct temperature ensures reconstructed 

temperatures originate from the same location as the alkenones used to produce δ13C 

estimations. However, the UK’37 index is only applicable up to an upper temperature 

threshold, above which the C37:3 form does not occur, and becomes increasingly 

uncertain up to that point (Prahl et al., 1988; Tierney and Tingley, 2018). The linear 

temperature calibration commonly applied to UK’37 devised by Prahl et al. (1988) 

suggests that C37:3 ceases to occur at ~29°C, but various studies suggest that at high 

temperatures, UK’37’s relationship to temperature becomes nonlinear and the UK’37 

index is <1 at higher temperatures in some locations. Volkman et al. (1995), Sonzogni et 

al. (1997), Müller et al. (1998), Conte et al. (2006), Richey and Tierney (2016) and 

Tierney and Tingley (2018) all suggest that at high temperatures, the Prahl et al. (1988) 

calibration underestimates temperatures above 24°C, though this effect is not seen in all 

studies, and may be small enough to be within the bounds of error of the linear 

calibration (Müller et al., 1998; Pelejero and Calvo, 2003; Conte et al., 2006; Kienast et 

al., 2012; Herbert, 2013). As an alternative to linear calibrations, the Bayesian approach 

of Tierney and Tingley (2018) suggests a probability distribution of temperatures for 

any given UK’37, where uncertainty increases toward the higher end of the calibration. 

This does not discount a linear relationship, as the equation of Prahl et al. (1988) lies 

within the 90% confidence interval throughout, but suggests that it most likely 

underestimates temperatures close to the threshold, while sensitivity of the proxy 

decreases overall. In very warm conditions, it may therefore be necessary to use other 

palaeoclimate archives to generate temperature reconstructions. 
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The distribution of isoprenoidal GDGTs form an alternate proxy that can be used to 

generate a temperature record for the reconstruction of CO2 from alkenone δ13C. 

Isoprenoidal GDGTs are membrane lipids produced by Thaumarchaeota which are 

ubiquitous in oceanic sediments (Schouten et al., 2013). They contain a varying number 

of cyclopentane rings; the weighted average number of rings in a sample closely 

correlates with temperature in culture and core top studies, and indices of GDGT 

distributions are regularly used to reconstruct ocean temperatures through the 

Cenozoic (Kim et al., 2010; Inglis et al., 2015; Judd et al., 2022). Unlike alkenones, the 

archaeal producers of GDGTs are diverse, changeable both spatially and temporally, and 

do not necessarily solely occur in the oceanic mixed layer (Sinninghe Damsté et al., 

2002; Polik et al., 2018). All of these serve to complicate application of GDGT-derived 

temperatures to alkenone pCO2 reconstruction. The wide range of producers of GDGTs 

may vary both spatially and temporally, and different species may exhibit different 

relationships with temperature, meaning that fossil GDGTs may not display the same 

temperature relationship as the modern species used for calibration (Dunkley Jones et 

al., 2020). It is likely that the GDGT-temperature relationship is partially driven by 

changes in community composition of GDGT producer as well as a plastic response to 

temperature within individual lineages, and it is unclear whether changes in community 

composition in response to temperature would remain consistent through geologic time, 

even if they correlate spatially in the modern ocean.  

Furthermore, the modern ocean GDGT temperature calibration dataset does not exceed 

30°C, and the calibration of GDGTs at high temperatures remains debated, and in culture 

experiments, high-temperature response appears species-specific (Elling et al., 2015; 

Polik et al., 2018). In the Eocene, GDGT-derived SST reconstructions are often warmer 
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than foraminiferal calcite-derived proxies (Hollis et al., 2019). GDGT-based temperature 

reconstructions can be generated by use of a linear or exponential calibration (Kim et al., 

2010), or by use of a Bayesian uncertainly model (“BAYSPAR”), which generates a 

probability distribution of temperatures based on GDGT distributions in the modern. 

BAYSPAR allows for quantification of uncertainties associated with the modern GDGT 

calibration, but has been criticised for not increasing uncertainty in situations where 

GDGT distributions are far from those of modern distributions (Dunkley Jones et al., 

2020).  

The alkenone pCO2 proxy 

The alkenone pCO2 proxy quantifies atmospheric CO2 concentrations by reconstructing 

the diffusion of dissolved CO2 into haptophyte algae and its subsequent photosynthetic 

uptake (Pagani, 2014). Higher dissolved CO2 levels lead to an increase in the 

fractionation of 13C between dissolved CO2 and algal biomass, which correlates with CO2 

concentration. Accounting for algal physiological processes, this can then be quantified 

to atmospheric CO2 concentration.  

To establish the 13C fractionation between sea water and algal biomass, the δ13C of 

dissolved carbon dioxide in seawater is estimated from the δ13C of planktic foraminiferal 

calcite. The fractionation of 13C between foraminiferal carbonate and gaseous CO2 

(εcalcite) is controlled by temperature, according to  

 휀𝑐𝑎𝑙𝑐𝑖𝑡𝑒 = 11.98 − 0.12𝑇. 

(1) 
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(Romanek et al., 1992). This calibration was experimentally derived from synthetic 

calcite. From this, the δ13C of CO2 gas can be derived as 

 𝛿13𝐶𝐶𝑂2(𝑔)
=  

𝛿13𝐶𝑐𝑎𝑙𝑐𝑖𝑡𝑒+1000
𝜀𝑐𝑎𝑙𝑐𝑖𝑡𝑒

1000
+1

− 1000 

(2) 

The fractionation between dissolved and gaseous CO2 depends on temperature. The 

relationship between the two was determined by (Mook et al., 1974) as 

 휀
𝐶𝑂2(𝑎𝑞)−𝐶𝑂2(𝑔)=

−373

𝑇+273.15
+0.19.

 

(3) 

Alkenone δ13C is first converted to the δ13C of haptophyte biomass by assuming constant 

biosynthetic fractionation (εalkenone) of 4.2‰, as determined from modern chemostat 

experiments (Popp et al., 1998). 

 𝛿13𝐶𝑜𝑟𝑔 = [(𝛿13𝐶𝑎𝑙𝑘𝑒𝑛𝑜𝑛𝑒 + 1000) × ( 𝑎𝑙𝑘𝑒𝑛𝑜𝑛𝑒

1000
+ 1)] − 1000 

(4) 

The fractionation of 13C between dissolved CO2 and haptophyte biomass (Ɛp) can be 

calculated as  

 휀𝑝 = (
𝛿13𝐶𝐶𝑂2(𝑎𝑞)

+1000

𝛿13𝐶𝑜𝑟𝑔+1000
) × 1000 

(5) 

(Popp et al., 1989; Freeman and Hayes, 1992). Ɛp is converted into a quantitative 

reconstruction of aqueous CO2 concentration according to  
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 [𝐶𝑂2]𝑎𝑞 =
𝑏

𝑓− 𝑝
 

(6) 

(Rau et al., 1992; Francois et al., 1993; Goericke et al., 1994; Bidigare et al., 1997) where 

Ɛf represents the maximum fractionation induced by carboxylasing enzymes and b is a 

physiological parameter which represents all other biological processes influencing Ɛp.  

b is calibrated according to its modern and laboratory-derived relationship with [PO4], 

and depends on the chosen value of Ɛf: linear calibrations for b are shown in Table 1 for 

Ɛf = 25 and 28.  

Table 1: The linear regressions linking phosphate concentration and b under different 

values of Ɛf  

Ɛf Intercept Slope 

25 84.07 118.52 

28 115.45 135.66 

(Bidigare et al., 1997; Eek et al., 1999; Popp et al., 1999; Laws et al., 2001; Pagani, 2014) 

To finally produce an estimation of atmospheric CO2, the atmosphere is presumed to be 

in equilibrium with ocean surface water. It is calculated using Henry’s Law: 

 𝑝𝐶𝑂2 =
[𝐶𝑂2]𝑎𝑞

𝐾𝐻
 

(7) 

Where KH is the solubility constant and depends on the temperature and salinity of 

ocean water.  
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The value of b used for CO2 reconstruction can be modified to account for changes in cell 

geometry through geologic time by measuring mean coccolith size within a sediment 

sample: coccolith size and cell diameter are linearly correlated according to 

 𝐷𝑐𝑒𝑙𝑙 = 0.55 × 0.88𝐿𝑐𝑜𝑐𝑐𝑜𝑙𝑖𝑡ℎ 

(8) 

where both coccolith length and cell diameter are measured in μm (Henderiks and 

Pagani, 2007). Assuming the cell is a perfect sphere, Dcell can be converted to 

volume:surface area geometrically, equal to: 

 𝑉: 𝑆𝐴 =
𝐷𝑐𝑒𝑙𝑙

6
 

(9) 

 b is then adjusted according to  

 𝑏′ = 𝑏 × (
𝑉:𝑆𝐴𝑓𝑜𝑠𝑠𝑖𝑙

𝑉:𝑆𝐴𝐸.ℎ𝑢𝑥𝑙𝑒𝑦𝑖
) 

(10) 

(Henderiks and Pagani, 2008) where V:SA represents volume:surface area of the sample 

coccolithophores and modern E. huxleyi, calculated from their diameter. b' is then used 

in place of the unmodified b in Equation 6. This scaling results in an increase in 

reconstructed pCO2 with increasing cell size, as would be expected if CO2 was 

transported diffusively, but is reliant on empirical calibration to determine the 

relationship between cell and coccolith size, and assumes all coccolithophores were 

perfectly circular. Use of the adjusted b’ therefore reduces uncertainty in b by adjusting 

it to the biology of the fossil specimens which produced the alkenones within a sample. 
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It does not, however, remove the reliance on an empirical calibration, which may not be 

consistently valid on geologic timescales, and b’ still assumes modern growth rates and 

cell permeabilities determined from E. huxleyi.  

Both Ɛf (i.e. the isotopic fractionation associated with carbon-fixation enzymes) and b 

(the total effect of algal physiological variables) are derived using modern observational 

and experimental laboratory data (Pagani, 2014). The carbon isotopic fractionation 

induced by the CO2-fixing enzyme RuBisCO, which is responsible for the majority of 

carbon fixation in modern haptophytes (Goericke et al., 1994) is 29‰ (Roeske and 

O’Leary, 1984) but in modern chemostat experiments this value is around 25‰ 

(Bidigare et al., 1997). This difference is due either to alternate carbon fixation pathways 

occurring in tandem with RuBisCO fixation, such as bicarbonate uptake via β-

carboxylases such as phosphoenolpyruvate (Freeman and Hayes, 1992; Goericke et al., 

1994) or a difference in enzymatic fractionation between the most commonly studied 

form of RuBisCO (1B) and the form used by haptophyte algae (1D). Form 1B RuBisCO, 

which is used by terrestrial plants, is the most studied, and Ɛf =29‰ is specifically 

associated with this form: other RuBisCO forms exhibit Ɛf as low as 18‰ (Guy et al., 

1993; Robinson et al., 2003). Boller et al. (2011) found Form 1D had an Ɛf value of 

~11‰, but such a low value of Ɛf is difficult to reconcile with data from culture 

experiments (Pagani, 2014). Goericke et al. (1994) estimated Ɛf varied from 25-28‰ in 

algae such as E. huxleyi, based on the differing fractionations of different enzymes 

contributing to carbon fixation, and the lower end of this range is generally suggested 

from modern calibration data (Laws et al., 1995; Bidigare et al., 1997). For the purposes 

of pCO2 estimation in the Cenozoic, a constant value of 25‰ is usually used (Pagani et 

al., 2005; Seki et al., 2010; Badger et al., 2013b; Zhang et al., 2013). It has, however, been 
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suggested that under high CO2 conditions with more abundant dissolved CO2, RuBisCO 

fixation would be favoured over β-carboxylase leading to higher Ɛf values, but this 

hypothesis has not been tested. In practice, the difference in reconstructed pCO2 

between different values of Ɛf is only significant at moderate to high pCO2, and since 

many attempts to ground-truth the alkenone pCO2 proxy have focussed on the low-CO2 

Quaternary Period, changes to Ɛf may have been missed  (Pagani et al., 2011; Stoll et al., 

2019; Y. G. Zhang et al., 2019).  

By contrast to Ɛf, the value of b is often debated (Y. G. Zhang et al., 2019), as it 

encompasses the effects of physiological processes which partially depend on growth 

conditions including nutrient supply, growth rate, and light limitation. Deconvolving the 

impacts of changing biology from the impacts of changing CO2 and other environmental 

parameters on long timescales presents a major challenge. Physiologically, b depends on 

cell membrane permeability to CO2, growth rate, and cell radius (Rau et al., 1996). On 

geological timescales it is generally assumed that the dominant control on b is nutrient 

supply, which then controls changes to cell physiology (Bidigare et al., 1997), but 

alterations to cell biology not induced by changes to nutrient supply, or behaving 

nonlinearly with respect to it, remain a key source of uncertainty in the proxy (Y. G. 

Zhang et al., 2019; Zhang et al., 2020). 

Previous work has not used the alkenone pCO2 proxy further back than the middle 

Eocene (Pagani et al., 2005, 2011; Rae et al., 2021) as C37 alkenones are not commonly 

found in sediments until the middle Eocene (Weller and Stein, 2008; Brassell, 2014). The 

first C37:3 alkenones are found in arctic sediments after the EECO and indicate a decrease 

in temperature through the early and middle Eocene (Weller and Stein, 2008); C37:3 
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alkenones are not found until the middle Eocene at lower latitudes. Palaeogene and 

Neogene ƐP records indicate a decline in Ɛp from the first recorded middle Eocene data 

through to the quaternary glaciations (Rae et al., 2021, Figure 4): this, when combined 

with temperature reconstructions, indicates a decrease in atmospheric pCO2 through 

this interval, which matches observations made using other palaeo-CO2 proxies 

(Pearson and Palmer, 2000; Royer, 2013; Witkowski et al., 2018; Rae et al., 2021).  

This study aims to reconstruct CO2 using the δ13C of alkenones dating from the early 

Eocene preserved in Core 16/28-sb01, collected from the Rockall Trough. Extending the 

alkenone pCO2 proxy back through the early Eocene will further constrain 

reconstructions of pCO2 through this key interval, as well as provide a test of the 

behaviour of the proxy in extreme CO2 and temperature conditions.  

Methods 

Site details 

Samples were taken from Site 16/28-sb01, Rockall Trough, NE Atlantic (54.0222°N 

13.5143°W (Figure 1). The borehole was drilled in 1999 by the MV Bucentaur by the 

British Geological Survey on behalf of the Rockall Studies Group (Haughton et al., 2005), 

as part of the Irish PIP (Petroleum Infrastructure Program Ireland). The site was cored 

to 1465 mbsf, and the modern ocean depth is 1450m (Haughton et al., 2005). Site 16-28-

sb01 contains sediments from the Cretaceous, early Eocene, middle Eocene and Plio-

Pleistocene, separated by unconformities, dated using calcareous nannoplankton and 

δ13C stratigraphy (Baranowski, 2020).  
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Figure 1: Map showing the modern location of the Rockall Trough and Site 16/28-sb01. 

Map reproduced from the General Bathymetric Chart of the Oceans World Map 2014, 

accessed from 

https://www.gebco.net/data_and_products/printable_maps/gebco_world_map/. 

(retrieved 30/05/2023)  

The core contains Paleogene material from three major lithological units, two of which 

date to the early Eocene and one to the middle Eocene (Haughton et al., 2005). 
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Alkenones were present in the second early Eocene section and the middle Eocene 

section. Eocene sedimentation rates were high (~4cm/kyr (Baranowski, 2020)). The 

early Eocene section from which alkenones were recovered is characterised by hemi-

pelagic clays deposited in a low-energy bathyal slope environment (Haughton et al., 

2005). These clays host both well-preserved carbonate microfossils and organic 

biomarkers. The early Eocene section falls within calcareous nannofossil Zone NP13, 

and the middle Eocene section falls within Zone NP5c-NP16 (Baranowski, 2020). 

Isotopic and nannofossil stratigraphy constrains the age of the early Eocene section to 

50.65-48.86 Ma (Baranowski, 2020), and the middle Eocene to 44.64-46.11 Ma.  

The early Eocene section (146-88 m) consists of marine clays: these are interbedded 

with mudstones, calcareous limestones and siltstones at the base (146-138m), and 

transitions to a homogenous succession of clays that form the rest of the early Eocene 

succession (138-88 m). This is suggestive of a low-energy environment (Haughton et al., 

2002, 2005). Dinocysts suggest a fully marine, high-productivity environment, and the 

pollen and spore assemblage suggests a significant terrestrial input (Harrington, Pers. 

Comms.). The early Eocene section is interpreted as representing a site within a semi-

enclosed basin with water depth ~800m (Maclennan and Jones, 2006). 

The middle Eocene section (88 – 41 m) is separated from the early Eocene by an 

unconformity (Haughton et al., 2005). The section is characterised by calcareous 

foraminiferal ooze with lower organic biomarker concentrations than the early Eocene 

succession. Palynomorphs are also absent. This is interpreted as representing a deeper 

palaeoenvironment with current winnowing as the Rockall Trough became more open 

to the wider NE Atlantic and potential northern deepwater inflow from across the 
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Greenland-Scotland Ridge (Harrington et al., 2000). The water depth increased in this 

succession to around 1km (Maclennan and Jones, 2006).  

300 samples, at ~10kyr resolution, were taken for analysis, of which ~50 and ~75 

contained enough organic material for GDGT and alkenone-based palaeothermomentry. 

Of the alkenone samples, a subset of 30 samples were analysed for δ13C to allow pCO2 

reconstruction.  

Laboratory 

Details of extraction and analysis of sediment samples for alkenones are described in 

Chapter 2. In brief, sediments were extracted using 3:1 dichloromethane:methanol via 

ultrasonication. Alkenones were separated from the resulting total lipid extract via 

column chromatography, with 5% deactivated silica gel as the stationary phase: 

alkenones were eluted in the third fraction (N3), using DCM as the mobile phase. The N3 

fraction was initially analysed for the presence of alkenones via GC-FID by Dr Heiko 

Moossen, where they were identified by retention time. Identification was subsequently 

confirmed by myself using GC-MS. Alkenones were analysed for δ13C at the Max Planck 

Institute for Biogeochemistry, Jena, using an Agilent HP5890 gas chromatograph 

coupled to a Thermo Fisher Delta + XP ratio mass spectrometer.  

Specimens of the mixed-layer dwelling planktic foraminifer Acarinina bullbrooki were 

picked and analysed for δ13C, as the best estimate for seawater δ13C at the depth habitat 

of alkenone producers (Sexton et al., 2006). Full details of δ13C analysis are detailed in 

Baranowski (2020): in brief, δ13C was measured at the British Geological Survey’s Stable 

Isotope Facility, Keyworth, UK. Samples weighed between 12 and 205 µg, and were 

analysed using an IsoPrime dual inlet mass spectrometer plus Multiprep device. Samples 
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were calibrated to VPDB isotope reference using an in-house isotope standard. The 

calcite-acid fractionation factor applied to the gas values was 1.00798. 

As Acarinina bulbrooki was not consistently present in all samples that were analysed 

for alkenones, their δ13C values were averaged across each stratigraphic unit, and these 

mean values used when directly paired data was not available.   
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Table 2: Details of foraminiferal δ13C analyses from Site 16/28-sb01 

Lithological 

Unit 

Depth 

(m) 

Age Number of 

core samples 

analysed 

Total 

number of 

foraminifera 

analysed 

δ13Cforam (‰ 

VPBD) 

Mean Standard 

deviation 

U2 138.0-

88.8 

Early 

Eocene 

20 97 3.59 0.59 

U3 88.8-

40.77 

Middle 

Eocene 

5 45 2.50 0.72 

 

Coccolith size – length (long-axis) and width (short-axis) - was measured on at least 200 

reticulofenestrid (alkenone-producing) coccoliths per sample. Mean coccolith lengths 

were then calculated for each sample as the basis to deploy coccolith length-to-cell size 

relationships noted above. 

Alkenones and GDGTs were extracted and analysed from sediment samples taken from 

core 16/28-sb01 as described in Chapter 2. C37:2 and C37:3 alkenones were initially 

identified in the N3 fraction by GC-FID, and their identity was confirmed in a subset of 

samples via GC-MS by the presence of the presence of the m/z 533, 546 and 548 ions. 

GDGTs were analysed via High-Performance Liquid Chromatography/Atmospheric 

Pressure Chemical Ionisation/Mass Spectrometry at the National Environment Research 

Council Life Science Mass Spectrometry Facility, at the University of Bristol, using the 
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method of (Hopmans et al., 2016). GDGT data was previously reported in (Baranowski, 

2020), which contains full method details. In brief: analysis was performed using a 

HPLC-APCI ThermoScientific TSQ Quantum Access triple quadruple MS coupled to an 

Acela pump and Acela autosampler. Samples were dissolved in 100 µl Hexane: 

isopropanol (99:1) for analysis. Where concentrations of 100 µl contained insufficient 

GDGTs for analysis, a repeat injection using 80 µl solvent was performed. Samples were 

separated using an Aquity UPLC BEH HILIC column (2.1 x 150 mm, 1.7 μm i.d.) at a flow 

rate of 200 µl minute-1. 15 µl of each sample was injected per run. A gradient elution was 

applied through the run, with 1) 25 minutes at 82% hexane and 18% isopropanol, 2) 25 

minutes changing linearly to 65% hexane and 35% isopropanol, and finally, 3) a linear 

gradient to 0% hexane, 100% isopropanol. The mass spectrometer was used in selective 

ion monitoring model (m/z 1302, 1300, 1298, 1296, 1294, 1292, 1050, 1048, 1046, 

1036, 1034, 1032, 1022, 1020, 1018, 744, 653). One in-house marine GDGT external 

standard was run every 7 samples.  

Temperature reconstruction 

Temperatures were reconstructed using UK’37 and TEX86 palaeothermometry. Wherever 

possible, temperature reconstructions used for CO2 analysis were taken from the same 

sample as that used for alkenone δ13C. Where alkenones and GDGTs were not present in 

sufficient concentration, temperatures were interpolated between the two closest points 

for which an adequate measurement could be made.  

Alkenone palaeotemperatures were calculated using the UK’37 index, defined as 

 𝑈37
𝑘′ =

𝐶37:2

𝐶37:2+𝐶37:3
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(11) 

 (Prahl and Wakeham, 1987). Samples fully saturated with C37:2 were excluded from 

analysis for UK’37 temperatures, as temperature could not be quantified.   

UK’37 was converted to sea surface temperature (SST) according firstly to the linear 

calibration of (Prahl et al., 1988): 

 𝑇(°𝐶) =
𝑈37

𝑘′−0.039 

0.034
. 

(12) 

BAYSPLINE (Tierney and Tingley, 2018), which uses Bayesian inference to generate 

temperature estimates, was also used to produce temperature estimates, as it accounts 

for high-temperature biases in UK’37 with a nonlinear calibration and an incorporation of 

uncertainty estimates. A prior of 5°C was used, which was large enough it only minorly 

affected the posterior. 

GDGT palaeotemperatures were calculated using the TEX86 index, defined as 

 𝑇𝐸𝑋86 =
(𝐺𝐷𝐺𝑇−2)+(𝐺𝐷𝐺𝑇−3)+(𝑐𝑟𝑒𝑛′)

(𝐺𝐷𝐺𝑇−1)+(𝐺𝐷𝐺𝑇−2)+(𝐺𝐷𝐺𝑇−3)+(𝑐𝑟𝑒𝑛′)
 

(13)  

(Schouten et al., 2002). TEX86 temperatures were generated using BAYSPAR (Tierney 

and Tingley, 2014) which uses Bayesian inference to generate temperature 

reconstructions. The deep-time ‘analogue’ mode was used, with a prior mean of 20°C.  

GDGT distributions were evaluated for terrestrial input using the Branched vs 

Isoprenoid Tetraether (BIT) index, defined as 
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𝐵𝐼𝑇 =
[𝐺𝐷𝐺𝑇 − 𝐼𝑎] + [𝐺𝐷𝐺𝑇 − 𝐼𝐼𝑎] + [𝐺𝐷𝐺𝑇 − 𝐼𝐼𝐼𝑎]

[𝐺𝐷𝐺𝑇 − 𝐼𝑎] + [𝐺𝐷𝐺𝑇 − 𝐼𝐼𝑎] + [𝐺𝐷𝐺𝑇 − 𝐼𝐼𝐼𝑎] + [𝐶𝑟𝑒𝑛𝑎𝑟𝑐ℎ𝑎𝑒𝑜𝑙]
 

(14) 

(Kim et al., 2010) where numbers refer to GDGTs as shown in Chapter 1, Figure 3.  

CO2 reconstruction 

CO2 was reconstructed according to Equations 1-10, and included the lith size correction 

to b of Hendricks and Pagani (2007, 2008).   

Modern surface phosphate concentrations in the Rockall trench are around 0.4 ± 0.05 

μmol kg-1in the mixed layer (Garcia et al., 2018). Pagani et al. (2011) estimated Eocene 

phosphate levels as slightly higher, at around 0.8 μmol kg-1: pCO2 reconstructions were 

calculated for both values.  

Multiple CO2 reconstructions were generated using a range of different parameters: Ɛf = 

25 and 28 and phosphate levels of 0.4 and 0.8. This was to provide a range of potential 

pCO2 and to estimate a lower limit for Eocene CO2 concentrations.  

Monte Carlo Error Propagation 

In order to estimate uncertainty for pCO2 reconstructions, a Monte Carlo uncertainty 

propagation model following the approach of (Badger et al., 2013b, a) was used 

(n=10000). Uncertainties of 2.5°C for temperature, 0.4‰ for alkenone δ13C, 0.1‰ for 

carbonate δ13C, 0.9 μm for coccolith length and 1.5‰ for salinity were used, 

representing approximately the standard error. 
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Results and discussion 

Sea surface temperature reconstruction 

Both BAYSPAR and BAYSPLINE predicted similar temperatures for this interval (average 

temperature 27.6±3°C and 27.7±2°C respectively, Figure 2). Therefore, both the TEX86 

and UK’37 indices indicate relatively stable, high sea surface temperatures through the 

early Eocene interval. In the mid-Eocene, the two proxies diverged: BAYSPAR suggested 

average temperatures of 26±3°C, similar to the early Eocene estimates, whereas 

BAYSPLINE estimated an average temperature of 17±2°C.  

GDGT temperatures were further evaluated using the BIT index. BIT index values were, 

on average, 0.31 ± 0.13. Of the 7 GDGT samples measured in the middle Eocene, only 

contained any branched alkanes, leading to a BIT value of 0.06 ± 0.17 and suggesting an 

almost entirely marine setting. BAYSPAR-derived mean temperature estimates correlate 

with BIT index weakly (r=-0.29 p=0.02). This data therefore suggests addition of 

terrestrial organic matter to Site 16/28-sb01 through the early Eocene, and that this 

terrestrial organic matter input ceased by the middle Eocene as the area deepened. It 

has been suggested that samples with BIT>0.3, representing some terrestrial input, may 

exhibit temperature reconstructions biased by terrestrial GDGT input. The BIT index 

does, therefore, suggest that reconstructed temperatures could be somewhat biased 

toward terrestrial values, but that such bias should be, on average, <3°C  (Weijers et al., 

2006). Therefore, it is likely that modifications to temperature with BIT would fall 

within the 90% uncertainty window defined by BAYSPAR.  
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Figure 2: Temperature reconstruction for Site 16/28-sb01. Green points were 

reconstructed using mean and 90% confidence interval generated using UK’37 data via 

BAYSPLINE, red points are 90% confidence interval generated using TEX86 data via 

BAYSPAR.  

Previous results have suggested that TEX86 overestimates temperatures compared to 

other proxies in the Eocene (Hollis et al., 2019; Dunkley Jones et al., 2020) and UK’37 

underestimates temperatures when toward the top of its temperature (Tierney and 

Tingley, 2018). In this record, as both proxies broadly agree, temperature 

reconstructions are likely reasonably accurate. However, both proxies have large 

uncertainties associated: the average 95% confidence interval size was 5°C and 10°C for 
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BAYSPAR and BAYSPLINE respectively. This is expected for the UK’37 estimates, as the 

temperatures are at the upper end of the proxy calibration. As, however, temperatures 

appear stable throughout the interval, assuming that there are no unaccounted-for 

systematic biases toward hotter or colder temperatures in either proxy, the average 

temperatures for the interval are likely very close to those recorded. High, stable early 

Eocene temperatures agree well with global deepwater temperatures calculated from 

benthic foraminiferal δ18O (Westerhold et al., 2020) and reconstructions of early Eocene 

SST from other sites (Inglis et al., 2015; Bornemann et al., 2016; Anagnostou et al., 2020) 

and suggest that for this interval, temperature is recorded by both GDGTs and UK’37, even 

with potential uncertainties in calibration.  

Alternate calibrations for GDGT-derived temperatures – the linear calibration of 

Schouten et al. (2002) and the exponential calibration TEX86H (Kim et al., 2010) – were 

not used. Both calibrations diverge from modern observations of extremely high 

temperatures in the Red Sea, and neither give any error estimation for their estimates 

beyond instrumental uncertainty. In addition, TEX86H is potentially affected by 

regression dilution bias, and has been shown to underestimate temperatures in warm 

tropical regions of the modern ocean (Tierney and Tingley, 2014), which may make it 

unsuitable for reconstruction of extremely warm Eocene temperatures. Similarly, 

OPTiMAL’s machine learning approach to GDGT temperature calibration was not used, 

as it relies on matching samples to their nearest closest GDGT distribution in the modern 

ocean; as these temperatures, and corresponding GDGT distributions, are higher than 

those seen in modern oceans, OPTiMAL could not resolve palaeo-temperature for the 

majority of samples (Dunkley Jones et al., 2020). 
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However, the TEX86 and alkenone-based temperature proxies diverge in the middle 

Eocene part of the record, where UK’37 suggests a sharp decrease in temperature while 

TEX86 suggests temperatures remained high. The global benthic oxygen isotope stack of 

(Westerhold et al., 2020) suggests global deepwater temperatures began to fall at 

around 49.1 Ma, just after the end of Unit U2, which suggests qualitatively that UK’37 is 

recording temperatures more accurately. However, the changes in oceanographic 

conditions between the deposition of U2 and U3 decreased the concentration of 

organics, meaning the middle Eocene is sparsely represented in both the UK’37 and TEX86 

data, and it is possible TEX86 could also record a more moderate temperature decrease 

were more data available.  

The mismatch between the GDGT- and alkenone-based reconstructions of temperature 

in the middle Eocene is difficult to explain. Changes in GDGT temperature can be 

attributed to changes in depth habitat of the producing archaea, but as alkenone-

producing haptophytes are at the top of the water column, for GDGTs to produce higher 

temperatures than alkenones due to an increase in depth habitat they would be found 

above the water’s surface. It is possible that the early Eocene GDGTs were produced at a 

lower depth than the alkenones, but that an alteration to GDGT community or behaviour 

as compared to modern distributions induced a warm bias, cancelling out the two 

effects, then in the middle Eocene the alteration to GDGT production compared to the 

modern vanished but the depth of production remained constant, but this explanation is 

somewhat convoluted.  

It should be noted that the concentration of organics decreased dramatically in the 

middle Eocene section of the core and GDGT levels were only marginally above the 
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detection limit of the instrument (Baranowski, 2020), which could introduce a 

preservation bias. The flux of organics to the sediment decreased sharply in the middle 

Eocene, likely as a result of oceanographic changes: the site deepened (Maclennan and 

Jones, 2006) and terrestrial input decreased (Haughton et al., 2002), and oxygenation 

may have increased (Haughton et al., 2005). A decrease in organic transport to the 

sediment both reduces concentrations directly and increases degradation of what 

remains (Killops and Killops, 2013). Under oxic conditions, the C37:3 alkenone may 

decompose faster than the C37:2, leading to a warm bias, and UK’37 may further show a 

warm bias when run at low concentrations via GC-FID (Villanueva and Grimalt, 1996). 

However, both of these effects would act to increase UK’37 temperatures, but in this 

instance UK’37 temperatures are colder than TEX86. Therefore, changes in oceanographic 

conditions inducing an increase in alkenone degradation cannot explain the mismatch in 

temperatures detected in the middle Eocene. Similar GDGT degradation under oxic 

conditions is also observed, but are lesser to degradation in alkenones under similar 

conditions (Kim et al., 2009). Oxic degradation of GDGTs is associated with an increase 

of the BIT index (Huguet et al., 2009): BIT index decreased in the middle Eocene in this 

data. Therefore, the mismatch in temperatures observed here cannot be explained by a 

change in oceanographic conditions.  
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Figure 3: Sea surface temperature estimates from the EECO by latitude recorded in the 

literature, as compiled by Hollis et al. 2019, compared to this study. Individual data 

sources are recorded in that paper. Error bars represent 5 and 95% confidence intervals 

of mean SST for each published SST record in the interval.  

Temperature reconstructions using both TEX86 and UK’37 are broadly within the range 

seen for other EECO temperatures. The data are warmer than the only EECO 

temperature reconstruction from higher latitudes than this study Figure 3, data 

originally reported by Frieling et al. (2014) and re-analysed byHollis et al. (2019)), but 

this may be expected as a) this data was from further north, and b) the TEX86 

temperature reconstruction of this data in the EECO ranged from 53.5-51.8 Ma, and 

showed a warming trend within this interval. The EECO data recorded in this study is 

younger than that interval, meaning if the increase in temperature measured had 

continued, the two sites may be in agreement.  
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The data lie within the range of EECO data measured in midlatitude northern 

hemisphere sites, though this range is extremely broad and dependent on proxy. Both 

reconstructions tend toward the higher temperatures seen in TEX86 reconstructions, 

which in the early Eocene often reconstructs temperatures as higher than co-occurring 

carbonate proxies (Hollis et al., 2019). The agreement with the UK’37 reconstruction with 

TEX86-based estimates rather than carbonates supports the TEX86 reconstructions, but, 

as noted above, UK’37 calibration is also uncertain at high temperatures.  

Foraminiferal δ18O-based reconstruction of temperature was not used here, although 

foraminiferal calcite δ13C was used to reconstruct the δ13C of seawater for the alkenone 

pCO2 proxy. Specimens of Acarinina were used to reconstruct the δ13C of seawater 

where present, but were absent from much of the record and calcite δ13C was 

reconstructed as an average for each unit (Table 2). Measurements were also taken from 

the planktic foraminifer Subbotina eocaena, but, as this species tends to dwell more 

deeply in the water column than Acarinina or alkenone-producing haptophytes (Stott et 

al., 1990), δ18O-derived temperatures from this species were not used.  

For the purposes of CO2 reconstruction, the TEX86 temperature estimates were used, as 

both temperature records broadly agree but TEX86 had lower associated uncertainty. 

Similar results are obtained using the UK’37 estimates for the early Eocene interval. An 

alternate calculation of the proxy using the UK’37 temperature estimation is used for the 

one middle Eocene sample from which CO2 was reconstructed. 

Ɛp  

Compared to later Cenozoic data, Ɛp was extremely high. In the early Eocene interval, 

average Ɛp was 23.8, and values remained stable throughout the interval. As only two 
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values for Ɛp were generated for the middle Eocene interval, slight differences between 

middle and early Eocene Ɛp could not be distinguished, but the average of the two 

recorded data points (22.7) suggests that if Ɛp decreased by the middle Eocene, the 

decrease was minor (Figure 4).  

 

Figure 4: Ɛp reconstructed from alkenone and calcite δ13C in core 16/28-sb01. Grey bar 

indicates unconformity between early and middle Eocene samples. 

In a broader Cenozoic context, this data extends recorded Ɛp generated from alkenones 

back to the early Eocene, and fits the broader, long-term decline of Ɛp through this time 

interval (Figure 5). An Ɛp of 23.8 is the highest average recorded in the Cenozoic, 

reflecting the shift from a high-CO2 greenhouse state to a low-CO2 icehouse (Pagani et al., 
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1999, 2005, 2011). Since Ɛp reflects a combined signal of temperature, nutrient supply 

and pCO2, this qualitative trend reflects both the temperature and CO2 decrease through 

time. This data is slightly higher than the Ɛp calculated by (Witkowski et al., 2018) from 

phytane for the same interval (Ɛp = 21-22).  

 

Figure 5: Ɛp recorded in this study compared to later Cenozoic Ɛp data compiled by Rae 

et al. 2021 

CO2 reconstruction 

As with temperature and Ɛp, all reconstructed CO2 conditions show CO2 was variable 

through the interval but did not increase or decrease consistently throughout. However, 

the different parameters used in its calculation had a large effect on absolute 

concentration of CO2, leading to a mean pCO2 reconstruction ranging from 1100 ppmv 

CO2 (Figure 6c) to >7000ppmv (Figure 6b). The average difference in mean calculated 
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CO2 between phosphate levels of 0.4 and 0.8 was around 1400 ppmv, and the difference 

between Ɛf =25 and 28 was around 4700. 

 

Figure 6: Mean and standard deviation pCO2 from Monte Carlo simulations of Ɛp and 

TEX86 temperature at site 16/28-sb01. Middle Eocene sample reconstructed using UK’37 

is marked in green, offset by 1m from the corresponding reconstruction made using 

TEX86. pCO2 reconstructions where standard deviation was >100,000 are in red and 

marked with arrows: in these cases, error bars exceeded the size of the y axis. a) PO43-

=0.8 Ɛf=0.25, b) PO43-=0.8, Ɛf=0.25, c) PO43-=0.4, Ɛf=28, d) PO43-=0.8, Ɛf=28.  
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This data therefore suggests that although 1400 is a large difference in reconstructed 

CO2, compared to the effect of the change to Ɛf, phosphate levels are less important in 

controlling CO2 reconstruction at this site. This result is partially due to the range of 

values chosen: if a larger range of phosphate levels had been used, the difference 

between reconstructions would have been higher, but there is no evidence to suggest 

phosphate levels were much higher than the upper estimate given here. Conversely, 

changing from Ɛf=25 to Ɛf=28  produced a far larger range of CO2 concentrations, which 

suggests that at Ɛp values this high, greater constraints on the biology of alkenone-

producing algae over long timescales and at high pCO2 are required.  

The alkenone pCO2 proxy is fundamentally governed by reciprocal functions, and thus 

sensitivity dramatically decreases at high Ɛp, high temperature, and high phosphate 

levels (Pagani, 2014). As this dataset reflects a high-CO2, high temperature environment 

where phosphate levels cannot be well constrained, sensitivity is extremely low and 

uncertainties are extremely large. The effects of this decrease in sensitivity are such that 

the effects of the parameter changes compounds, i.e. the difference in reconstructed CO2 

between the two different Ɛf values used is higher in the high phosphate reconstruction 

than the lower one, and vice versa.  

Ɛf is potentially the hardest parameter to constrain in the Eocene as direct measurement 

of 50-million-year-old haptophyte algal biochemistry is impossible. Although (Pagani et 

al., 2011) suggested that under high-CO2 conditions the use of enzymes utilising 

bicarbonate as a carbon source may be suppressed in favour of CO2-utilising RuBisCO, 

which would lead to an increase in Ɛf, this remains speculative. Further research is 

needed into different enzyme usage in laboratory conditions to determine whether this 



157 
 

trait may be plastic, but knowing the point to which biological functioning of long-dead 

organisms can be approximated with their modern relatives is a problem for much of 

palaeoclimate and palaeobiological reconstructions of ancient conditions and is 

impossible to determine for certain (Tierney and Tingley, 2018).  

The CO2 reconstructions presented here assume many other biological parameters, such 

as cell wall permeability and biosynthetic fractionation in the synthesis of alkenones, 

remained constant through geologic time. There is no accepted method to reconstruct 

these in the geologic record and both are routinely assumed to be comparable to 

modern values in CO2 reconstructions. Early Eocene temperature and CO2 concentration 

are more different to modern than any later period in which alkenones are used for 

reconstruction, meaning that if haptophyte algal biology responds to climate in an 

unpredicted way or if the proxy behaviour is slightly different than modelled, this 

reconstruction would be more heavily affected than others from later in the Cenozoic. 

Furthermore, if haptophyte algal biology has adjusted on evolutionary timescales, the 

further back in time a sample is taken, the more different it would be to today. Although 

alkenone production is constrained to a small, monophyletic algal group, reducing this 

uncertainty, the dominant alkenone producer has changed over time and includes 

extinct taxa, meaning any evolutionary changes to haptophyte biology compared to the 

modern would be at a maximum in the oldest samples containing alkenones (including 

core 16/28-sb01). Unconstrained changes to algal biology in this interval compared to 

the modern could have a large effect on estimations of b, which are impossible to 

account for here with the data available.  
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Of the reconstructions shown in Figure 6 the most likely to be closest to the parameters 

seen in the Eocene is shown in Figure 6b. A variable Ɛf, as stated above, cannot be 

constrained geologically and in modern data is most likely closer to 25 (Figure 6a,b): as 

such, this value is most often taken for pCO2 reconstruction and is considered the most 

likely to be correct (Bidigare et al., 1997; Pagani, 2014). The higher phosphate level 

suggested in Eocene model simulations by (Pagani et al., 2011) (Figure 6b,d) is likely the 

more accurate estimation, rather than assuming modern oceanographic conditions 

apply in a different palaeoclimate and palaeogeographical setting. This is also the 

highest CO2 estimate of all 4 combinations of parameters considered, suggesting an 

average pCO2 of 7200 ppmv. With Ɛf=25 and phosphate=0.4, which also uses the 

biological terms constrained from modern data, average pCO2=5000 ppmv: lower, but 

still extremely high. 

Of data compiled by (Hoenisch, 2021), no other CO2 reconstruction for the Ypresian has 

suggested CO2 concentrations >5,000 and only one data point for the interval has 

suggested CO2 concentrations >3,500 (Pearson and Palmer, 2000; Hoenisch, 2021). This 

strongly suggests that assumptions used for the most likely CO2 reconstruction are 

erroneous. These assumptions could originate a) in a systematic offset between physical 

input parameters and the true values for the Eocene (e.g. significantly lowered 

phosphate or temperature), b) changes to biological assumptions made by the proxy 

(e.g. a change to biosynthetic fractionation during the synthesis of alkanes, any 

systematic alteration to which is entirely unconstrained in modern and geologic data), 

or c) an erroneous assumption made in Equations 1-10 (e.g. CCMs resulting in 

δ13Calkenone not following the diffusive model). Increasing Ɛf to 28 moves the 
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reconstructed pCO2 into the higher end of the range recorded by other proxies over the 

interval.  

It is also noteworthy that in both reconstructions where Ɛf=25, some results of the 

Monte Carlo simulations gave results that were <0, indicating the hyperbolic equations 

which govern the proxy had broken down entirely. In the case of one sample, Ɛp<0 in 

64% of simulations. As simulations where Ɛf<0 were rejected from calculation of the 

mean and standard deviation of pCO2 shown in Figure 6, it is likely that the highest pCO2 

samples are an underestimate of pCO2 under the governing equations of this proxy, as 

the mean pCO2 has, in effect, not been calculated using the full range of parameters 

suggested by the standard deviations the model was provided.  

Due to the low concentrations of organic materials in the middle Eocene portion of the 

core, only one data point was available for quantitative CO2 reconstruction from this 

interval. This single point was lower than the early Eocene CO2 in UK’37-derived CO2 

reconstructions, but comparable in TEX86-derived reconstructions, because UK’37 but not 

TEX86 recorded a fall in temperatures during this interval. Therefore, unlike in the early 

Eocene, there is a large difference in reconstructed pCO2 between the two temperature 

proxies of 300-1500 ppmv, depending on Ɛf and phosphate used: this represents a 

decrease in pCO2 from the early Eocene samples in the UK’37-derived reconstruction, 

whereas the TEX86-derived reconstruction predicts pCO2 stayed roughly constant. As 

other temperature and pCO2 reconstructions for the interval both suggest a decrease in 

temperature and pCO2 between the early and middle Eocene (Anagnostou et al., 2016; 

Westerhold et al., 2018b), the UK’37 temperature estimation is more likely more correct 

for this individual sample.  
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Assuming the broad assumptions of the diffusive model stand, it is therefore likely that 

the extreme CO2 concentrations recorded here are a result of the decrease in sensitivity 

of the proxy at high Ɛp and temperatures, compounded by potentially unknown changes 

to algal biology over time. This data therefore suggests that precise, quantitative pCO2 

reconstruction during this interval is not yet possible using the classic alkenone pCO2 

proxy. Estimations may be improved with more precise and accurate understanding of 

the biological and physical parameters used for CO2 reconstruction, but as much 

biological information is irreversibly lost on phytoplankton death and decay, and even 

the best reconstructions of physical oceanographic conditions cannot perfectly resolve 

the micro-conditions within which alkenone producers grew, this is challenging on a 

practical level.  

As a more qualitative measure of CO2, the above data can, however, provide some 

information, by providing a qualitative estimate to compare to others from the interval. 

Lower pCO2 levels are generated in lower phosphate and lower Ɛf model runs. The 

reconstructed pCO2 of the lowest reconstruction (Figure 6c) is ~1100 ppmv for the 

interval, suggesting that even when the lower estimates of these parameters are taken, 

CO2 was still extremely high during this interval compared to the rest of the Cenozoic: 

this can be seen qualitatively in Ɛp (Figure 5). Early Eocene CO2 levels may still be lower 

than the lowest estimates presented in Figure 6, but this would require the assumptions 

of the proxy to deviate further from their assumed values: if other proxies, in the future, 

converge on a highly constrained pCO2 estimate for the interval that is significantly 

<1000 ppmv, this can be taken as evidence that the alkenone pCO2 proxy’s assumptions 

are in some way invalid.  
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Figure 7: Reported CO2 concentrations from the literature for the EECO (53.260-49.140 

Ma) and this study, below 5000 ppmv to allow viewing of all CO2 reconstructions on the 

same scale. No reported literature data is >5000 ppmv. Stars represent individual 

measurements >5000 ppmv: see Figure 6 for individual points. Top whisker of boxplots 

are indicated with arrows: values are Ɛf =25 PO4=0.4: 7636, Ɛf =25 PO4=0.8: 10174. Data 

sources: (Pearson and Palmer, 2000; Greenwood et al., 2003; Smith et al., 2010; Hyland 

and Sheldon, 2013; Hyland et al., 2013; Franks et al., 2014; Jagniecki et al., 2015; 

Anagnostou et al., 2016; Cui and Schubert, 2016; Witkowski et al., 2018; Steinthorsdottir 

et al., 2019). Figure only visualises the mean pCO2 reconstruction from samples in each 

study, and does not include uncertainty estimations.  
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Reported CO2 concentrations for the early Eocene are variable, and do not currently 

preclude pCO2 >1000 ppmv, but do suggest it is lower. Figure 7 shows a compilation of 

published CO2 reconstructions from the EECO, a time interval where CO2 concentrations 

were likely reasonably stable (Anagnostou et al., 2020; Rae et al., 2021), and that covers 

all early Eocene CO2 reconstruction samples reported in this study. Of these, the three 

higher plant derived proxies (stomatal frequencies, leaf gas exchange and C3 plant δ13C) 

all give estimates of CO2 concentrations of <700 ppmv on average, whereas palaeosol, 

phytoplankton, and boron-based estimates collectively give average concentrations of 

>1300 ppmv. Although the nahcolite proxy only consisted of two data points in the 

interval, it recorded CO2 within the range of the non-higher plant derived proxies. This 

data therefore agrees more strongly with the non-higher plant derived proxies, and the 

lower Ɛf=28 estimates of pCO2 fall within this range.  

In summary, depending on input parameters, pCO2 estimates range from the higher end 

of normal compared to other proxy reconstructions of the interval, to massively higher 

than previously reconstructed values (Figure 7). Of the different non-CO2 and 

temperature input parameters used for the model in this study, Ɛf is responsible for the 

largest range in pCO2 reconstructions. A move of Ɛf from the most commonly used 

literature value of 25 to a higher but theoretically plausible value of 28 leads to 

reconstructions far more in line with both other proxy methods. However, since 

reconstruction of Ɛf with only the information preserved in the geologic record is 

challenging, these reconstructions cannot be used quantitatively unless a more robust 

theoretical framework of how Ɛf can covary with pCO2 can be developed and verified 

experimentally. However, these estimates demonstrate qualitatively that across a range 
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of different input parameters, pCO2 remains at or above 1000 ppmv at its highest point 

in the Eocene.  

Conclusions 

- Both temperature and CO2 concentrations were high but relatively stable over the early 

Eocene in this record 

- Quantification of temperature records suggests Bayesian-derived SST estimates from 

UK’37 and TEX86 for the early Eocene agree well, despite being at the upper end of the 

calibration range for both proxies.  

- Temperatures derived from UK’37 decreased between the early and middle Eocene, but 

stayed stable when derived from TEX86. 

- Ɛp is high in the interval, matching and extending the previously identified trend of a 

decrease in Ɛp through the Cenozoic 

- CO2 concentrations from Ɛp are massively dependent on small changes in nutrient and 

biological parameters as they are generated at the extreme end of the proxy’s sensitivity 

range. 

- The most likely estimates of biological terms, phosphate, and temperature lead to CO2 

reconstructions much higher than other estimates for the time period, suggesting that 

an assumption in either the input parameters or the mechanics of the proxy causes 

generation of unrealistically high CO2 concentrations when the proxy is itself at low 

sensitivity. This suggests that at ƐP and temperatures as extreme as those in the Eocene, 

the alkenone pCO2 proxy is unlikely to provide well constrained quantified pCO2 

reconstructions, but can still suggest more qualitative trends.  
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- The collection of parameters that in combination lead to the lowest pCO2 over the 

interval still suggest that early Eocene pCO2 was >1000 ppmv. Either pCO2 was at least 

1000 ppmv in the Eocene, or key assumptions used in the alkenone pCO2 proxy are 

incorrect.  

- The lower range of pCO2 estimates produced at site 16/28-sb01 are in broad 

agreement with previously published marine and non-higher plant terrestrial 

reconstructions of pCO2 from the same time interval, but are much higher than pCO2 

reconstructions derived from higher plant remains.  
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Chapter 6: Conclusions, implications, and further work 

Main findings 

Collectively, this thesis examines whether the assumptions of the underlying biology 

behind biomarker-based reconstruction of past environments are correct under CO2 

concentrations higher than those seen at present, through two very different 

approaches. Chapters 3 and 4 examine whether terrestrial plant biomarkers remain 

constant under elevated CO2 induced in a modern experiment, whereas Chapter 5 tests 

an existing proxy for CO2 using alkenone biomarkers by looking at its behaviour in a 

time interval that was radically different environmentally from the present. In both 

cases, environmental change resulted in hitherto unaccounted-for shifts in biology: n-

alkanes responded both chemically and isotopically to short-term CO2 changes, and the 

CO2 reconstructions produced from alkenone δ13C were only realistic if some aspect of 

alkenone biology had changed over time in ways that are not considered in the 

mechanics of the proxy.  

Chapter 3 evaluated the impact of elevated CO2 on the chemical composition of leaf wax 

n-alkanes. Leaf wax n-alkane chemistry is a trait associated with plant waterproofing 

and although has been suggested for some time that leaf wax n-alkane chemistry adapts 

to environment, effects are not observed systematically and it has been difficult to 

identify the precise environmental drivers that lead to a response. This data has 

identified changes to n-alkane chemistry in response to multiple environmental changes 

within a single generation of trees, proving that n-alkane chemistry is, in some species, 
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responsive to environment on non-evolutionary timescales. An effect of elevated CO2 on 

n-alkanes was seen in C. avellana from the third year of CO2 exposure onward: the 

species exhibited decreased ACL, increased dispersion, and a decrease in n-alkane 

concentration, all of which are consistent with an increase in cuticular permeability. It is 

unknown whether A. pseudoplatanus would have exhibited similar trends or if n-alkane 

production is less plastic in this species, or whether the observed trends in C. avellana 

would change further if observed for longer: this question could only be solved by 

increasing the duration of the experiment to evolutionary timescales. However, the 

observed increase in ACL during the drought in 2022 suggests that changes to ACL can 

occur over extremely short timescales.  

Chapter 4 evaluated the impact of elevated CO2 concentration on alkane carbon isotopes 

and εlipid. Generally speaking, εlipid is treated as constant in the geologic record, 

despite increasing evidence that it responds dynamically to environment: this thesis 

adds to and compiles this data with regard to changes in εlipid with CO2. This chapter 

shows that εlipid increases with CO2 concentration across different species and 

experimental design, and that multiple mechanisms are responsible for this increase. As 

with n-alkane chemistry, this data cannot show whether εlipid is variable on longer 

timescales, but identification of the trend in the modern suggests that εlipid cannot be 

assumed to remain constant geologically. Therefore, changes to εlipid with both CO2 

concentration and other environmental drivers such as temperature and precipitation 

should be considered a potential explanation for trends in n-alkane δ13C in the sediment 

record. εlipid has often been considered as constant in geologic time, with little evidence 

given to support this hypothesis: this data can be taken more widely to suggest that 

biological parameters such as biosynthetic fractionation cannot be taken as constant, no 
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matter how convenient it is to do so. Evolutionary-scale changes to biological processes 

will likely only act to increase differences in function compared to the modern, and any 

evaluation of past environmental change using a data archive derived from something as 

complex as a living organism should not assume, with limited evidence or knowledge of 

the mechanisms from which it is derived, that biology is unchanging.  

Chapter 5 provides an example of where these assumptions may fundamentally break 

down. The alkenone pCO2 proxy is one of the most widely used methods for 

reconstructing Cenozoic atmospheric CO2 levels, but is calculated using a complex model 

that relies on many constants and empirical relationships measured only in modern 

oceans and laboratories, using modern species. This thesis demonstrates that pCO2 

estimations are more in line with others for the interval when a biological assumption 

(the value of enzymatic fractionation during carbon isotope assimilation, Ɛf) is changed 

in a past climate state, rather than kept tied to modern values. The proxy’s calculation 

includes assumptions of many other biological constants, which were not varied and are 

likely impossible to constrain if variable geologically: these include assumptions of the 

value of post-photosynthetic fractionation during the biosynthesis of alkenones, which 

Chapter 4 of this thesis demonstrated were not constant in terrestrial plants. Of the time 

through which alkenones are synthesised, the early Eocene is the most different 

climatically to the present; it is also the oldest, meaning that alkenone-producing algae 

themselves may be the most different biologically to those from which the proxy is 

calibrated. This data does, however, suggest that where biological uncertainties can be 

quantified, CO2 estimations can be produced that are in line with alternate methods 

applied to the early Eocene, and suggests a lower limit of 1000 ppmv CO2 was likely. 
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Although imperfect and difficult to quantify precisely, the alkenone pCO2 proxy 

therefore still provides useful data in constraining early Eocene CO2 concentrations.  

Future work 

Several avenues of future work could expand on research presented in this thesis. In 

particular, this thesis has noted different areas where biomarkers have altered their 

composition under changes in CO2, and has suggested biological processes that may be 

responsible. Direct measurement of changes in biological processes themselves under 

elevated CO2 would help to confirm these associations. Chapter 3 illustrated that under 

elevated CO2, one of two species adapted its n-alkanes in such a way to potentially 

decrease cuticular permeability, increasing plant water loss. A direct test of this 

hypothesis would be to directly measure cuticular permeability under elevated CO2, 

across a range of species and timescales, and observe if a) CO2 affects cuticular 

permeability directly, and b) if this effect is correlated to n-alkane distributions. Chapter 

4 suggested several different mechanisms may influence n-alkane δ13C under elevated 

CO2, but could not identify the specific pathways that are affected: a more 

comprehensive survey of different compound-specific δ13C under changes in CO2 could 

provide a more complete picture of carbon allocation-related changes to biomarker δ13C. 

The changes to branched alkane δ13C in A. pseudoplatanus suggest potential changes to 

amino acid synthesis on short timescales: this could be directly measured by examining 

amino acid δ13C. Furthermore, this study only examined n- (and branched) alkane δ13C 

under elevated CO2: a complimentary study examining other commonly used plant 

biomarkers such as di- and triterpenoids could suggest which biomarkers are most 

likely to be influenced by changes to post-photosynthetic fractionations under elevated 
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CO2. If a biomarker is to be used for the C3 plant proxy, its photosynthetic fractionation 

must be as close to constant as possible: a comprehensive examination of the δ13C of 

different plant biomarkers could identify which compounds are most promising for use 

in this context, and which should be avoided.  

Many of the conclusions drawn in this study are limited by the number of species 

studied. Differences in C. avellana and A. pseudoplatanus were observed, but with only 

two species, broader trends about plant biomarker response to CO2 are difficult to 

determine. Therefore, future work should increase the number of plant species studied 

in lower-cost growth chamber experiments, to confirm whether results seen here can be 

extrapolated to different plant groups. Both species examined here were deciduous 

angiosperm trees: a further area for future research would be whether the effect of CO2 

systematically differs by phylogeny or by plant functional type.  

Intriguingly, both the variance in and the CO2 effect on ACL, dispersion, and εlipid were 

all higher in C. avellana than A. pseudoplatanus. It was suggested here that this could link 

to the concentration of n-alkanes present, but, with only two species, it is again 

impossible to prove this link. If future research could establish whether a higher 

concentration of n-alkanes covaries in plants that are more likely to see their n-alkanes 

covary with environment, this could establish a framework that could be used to 

understand the environments and ecosystems within which the greatest response in n-

alkanes could be seen geologically.  

The alkenone pCO2 data presented here highlights the biological complexities 

underlying the proxy. Large changes in reconstructed CO2 were observed by varying the 

biological constant εf: although εf measurements have been made in the modern, their 



170 
 

uncertainty and the values encompass a larger range than the single value often used for 

reconstructions. For example, recent work suggests that values of εf in modern plankton 

may converge to values around 25, but with uncertainty: measured εf in the 

dinoflagellate species Alexandrium tamarense was, on average, 27 (Wilkes et al., 2017). 

The common εf values seen across different phytoplankton and their associated forms of 

RuBisCO may suggest the mechanism by which εf is set is not the action of RuBisCO 

itself. Understanding εf, and if it can be considered constant under different CO2 

concentrations, is essential for understanding the alkenone CO2 proxy, and should be a 

key factor in future work. A future approach for this data could also be to further 

constrain the value of the physiological parameter b in deep time, including a 

comparison of Zhang et al. (2020)’s model for alkenone CO2 reconstruction using 

coccolith length to determine the effect of both growth rate and size on Ɛp. For both the 

response of n-alkanes and alkenones to CO2, a further constraint of behaviour of the 

biology of both could further constrain what would be expected in the geologic record.  

This thesis suggested at some of the biological complexities inherent to using biomarker 

data to reconstruct the Earth system through geologic time. These are inherently 

difficult to quantify, as although their influence on biomarkers remains, the data used to 

deconvolve the influences of multiple biological and environmental parameters is often 

lost geologically. For example, the precise cellular processes which serve to influence n-

alkane δ13C are difficult to account for without measurements of the δ13C of chemical 

constituents of plants that are not preserved. One solution to further characterise these 

changes is full use of data sources available in the geologic record; this includes analysis 

of other plant biomarkers such as sterols and phytol alongside n-alkanes (e.g. Schouten 

et al. (2007), and direct measurement of bulk plant δ13C from exceptionally preserved 
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fossil plants as described in (Huang et al., 1995). Clearly, such measurements cannot be 

taken alongside all analyses of n-alkanes, but a greater use of these complimentary data 

sources would constrain response of plants as a whole on evolutionary timescales. 

Similarly, use of a fuller range of the fossil remains produced by haptophyte algae 

alongside alkenones, such as is described in (Wilkes et al., 2018), can be used to further 

constrain algal biological processes. Understanding the true scope of the behaviour of 

complex biological organisms through geologic time when organisms have quite literally 

turned to stone is an immense task where some information is irrevocably and 

inevitably lost; what we are left with should be used to its fullest extent.  
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Appendix 
Data, including n-alkane concentrations and isotopic composition, and parameters used for TEX86 and alkenone-based pCO2 reconstruction, are 

available in full at https://www.dropbox.com/scl/fo/5yqliqnv1r972eyqzmu2i/h?dl=0&rlkey=ljzbl3gcyqir1tnoo5ngw27cf 

Table A1: n-Alkane analysis metadata  
Sample 
code 

Species Array Date 
collected 

CO2 Concentration 
of GC-FID (μl) 

Run notes GC-IRMS run location 

2849 Sycamore 1 08/06/2018 e 500 
 

Bristol 

2850 Sycamore 2 08/06/2018 a 500 
 

Bristol 

2851 Sycamore 3 08/06/2018 a 500 
 

Bristol 

2852 Sycamore 4 08/06/2018 e 500 
 

Bristol 

2853 Sycamore 5 08/06/2018 a 500 
 

Bristol 

2854 Sycamore 6 08/06/2018 e 500 
 

Bristol 

2861 Hazel 1 08/06/2018 e 500 
 

Bristol 

2862 Hazel 2 08/06/2018 a 100 IRMS run failure  Bristol 

2863 Hazel 3 08/06/2018 a 500 
 

Bristol 

2864 Hazel 4 08/06/2018 e 500 
 

Bristol 

2865 Hazel 5 08/06/2018 a 500 
 

Bristol 

2866 Hazel 6 08/06/2018 e 500 
 

Bristol 

2855 Sycamore 1 03/07/2018 e 500 
 

Hokkaido 

2856 Sycamore 2 03/07/2018 a 500 
 

Hokkaido 

2857 Sycamore 3 03/07/2018 a 500 
 

Hokkaido 

2858 Sycamore 4 03/07/2018 e 500 
 

Hokkaido 

2859 Sycamore 5 03/07/2018 a 500 
 

Hokkaido 

2860 Sycamore 6 03/07/2018 e 500 
 

Hokkaido 

2867 Hazel 1 03/07/2018 e 500 
 

Hokkaido 
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2868 Hazel 2 03/07/2018 a 500 
 

Hokkaido 

2869 Hazel 3 03/07/2018 a 500 
 

Hokkaido 

2870 Hazel 4 03/07/2018 e 500 
 

Hokkaido 

2871 Hazel 5 03/07/2018 a 500 
 

Hokkaido 

2872 Hazel 6 03/07/2018 e 500 
 

Hokkaido 

2873 Sycamore 1 03/08/2018 e 500 
 

Bristol 

2874 Sycamore 2 03/08/2018 a 500 
 

Bristol 

2875 Sycamore 3 03/08/2018 a 500 
 

Bristol 

2876 Sycamore 4 03/08/2018 e 500 
 

Bristol 

2877 Sycamore 5 03/08/2018 a 500 
 

Bristol 

2878 Sycamore 6 03/08/2018 e 500 
 

Bristol 

2885 Hazel 1 03/08/2018 e 500 
 

Bristol 

2886 Hazel 2 03/08/2018 a 500 
 

Bristol 

2887 Hazel 3 03/08/2018 a 500 
 

Bristol 

2888 Hazel 4 03/08/2018 e 500 
 

Bristol 

2889 Hazel 5 03/08/2018 a 500 
 

Bristol 

2890 Hazel 6 03/08/2018 e 500 
 

Bristol 

2879 Sycamore 1 31/08/2018 e 500 
 

Bristol 

2880 Sycamore 2 31/08/2018 a 500 
 

Bristol 

2881 Sycamore 3 31/08/2018 a 500 
 

Bristol 

2882 Sycamore 4 31/08/2018 e 500 
 

Bristol 

2883 Sycamore 5 31/08/2018 a 500 
 

Bristol 

2884 Sycamore 6 31/08/2018 e 500 
 

Bristol 

2891 Hazel 1 31/08/2018 e 500 
 

Bristol 

2892 Hazel 2 31/08/2018 a 500 
 

Bristol 

2893 Hazel 3 31/08/2018 a 500 
 

Bristol 

2894 Hazel 4 31/08/2018 e 500 IRMS run failure  Bristol 
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2895 Hazel 5 31/08/2018 a 500 
 

Bristol 

2896 Hazel 6 31/08/2018 e 100 
 

Bristol 

2897 Sycamore 1 24/05/2019 e 500 
 

Hokkaido 

2898 Sycamore 2 24/05/2019 a 500 
 

Hokkaido 

2899 Sycamore 3 24/05/2019 a 500 Run fail: contaminated Hokkaido 

2900 Sycamore 4 24/05/2019 e 500 
 

Hokkaido 

2901 Sycamore 5 24/05/2019 a 500 
 

Hokkaido 

2902 Sycamore 6 24/05/2019 e 100 
 

Hokkaido 

2903 Hazel 1 24/05/2019 e 100 
 

Hokkaido 

2904 Hazel 2 24/05/2019 a 100 
 

Hokkaido 

2905 Hazel 3 24/05/2019 a 100 
 

Hokkaido 

2906 Hazel 4 24/05/2019 e 500 
 

Hokkaido 

2907 Hazel 5 24/05/2019 a 500 
 

Hokkaido 

2908 Hazel 6 24/05/2019 e 500 
 

Hokkaido 

2981 Sycamore 1 04/07/2019 e 500 
 

Hokkaido 

2982 Sycamore 2 04/07/2019 a 500 
 

Hokkaido 

2983 Sycamore 3 04/07/2019 a 500 
 

Hokkaido 

2984 Sycamore 4 04/07/2019 e 500 
 

Hokkaido 

2985 Sycamore 5 04/07/2019 a 500 
 

Hokkaido 

2986 Sycamore 6 04/07/2019 e 500 
 

Hokkaido 

2987 Hazel 1 04/07/2019 e 500 
 

Hokkaido 

2988 Hazel 2 04/07/2019 a 500 
 

Hokkaido 

2989 Hazel 3 04/07/2019 a 500 
 

Hokkaido 

2990 Hazel 4 04/07/2019 e 500 
 

Hokkaido 

2991 Hazel 5 04/07/2019 a 500 
 

Hokkaido 

2992 Hazel 6 04/07/2019 e 500 
 

Hokkaido 

2969 Sycamore 1 29/07/2019 e 500 
 

Bristol 
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2970 Sycamore 2 29/07/2019 a 500 
 

Bristol 

2971 Sycamore 3 29/07/2019 a 500 
 

Bristol 

2972 Sycamore 4 29/07/2019 e 500 
 

Bristol 

2973 Sycamore 5 29/07/2019 a 500 
 

Bristol 

2974 Sycamore 6 29/07/2019 e 500 
 

Bristol 

2975 Hazel 1 29/07/2019 e 500 
 

Bristol 

2976 Hazel 2 29/07/2019 a 500 
 

Bristol 

2977 Hazel 3 29/07/2019 a 500 
 

Bristol 

2978 Hazel 4 29/07/2019 e 500 
 

Bristol 

2979 Hazel 5 29/07/2019 a 500 
 

Bristol 

2980 Hazel 6 29/07/2019 e 500 
 

Bristol 

2957 Sycamore 1 23/08/2019 e 500 
 

Hokkaido 

2958 Sycamore 2 23/08/2019 a 500 
 

Hokkaido 

2959 Sycamore 3 23/08/2019 a 500 
 

Hokkaido 

2960 Sycamore 4 23/08/2019 e 500 
 

Hokkaido 

2961 Sycamore 5 23/08/2019 a 500 
 

Hokkaido 

2962 Sycamore 6 23/08/2019 e 500 
 

Hokkaido 

2963 Hazel 1 23/08/2019 e 100 
 

Hokkaido 

2964 Hazel 2 23/08/2019 a 500 
 

Hokkaido 

2965 Hazel 3 23/08/2019 a 100 
 

Hokkaido 

2966 Hazel 4 23/08/2019 e 500 
 

Hokkaido 

2967 Hazel 5 23/08/2019 a 100 
 

Hokkaido 

2968 Hazel 6 23/08/2019 e 500 
 

Hokkaido 

3699 Sycamore 1 27/09/2019 e 500 
 

Hokkaido 

3700 Sycamore 2 27/09/2019 a 500 
 

Hokkaido 

3701 Sycamore 3 27/09/2019 a 500 
 

Hokkaido 

3702 Sycamore 4 27/09/2019 e 500 
 

Hokkaido 
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3703 Sycamore 5 27/09/2019 a 500 
 

Hokkaido 

3704 Sycamore 6 27/09/2019 e 500 
 

Hokkaido 

3705 Hazel 1 27/09/2019 e 500 
 

Hokkaido 

3706 Hazel 2 27/09/2019 a 500 
 

Hokkaido 

3707 Hazel 3 27/09/2019 a 500 
 

Hokkaido 

3708 Hazel 4 27/09/2019 e 500 
 

Hokkaido 

3709 Hazel 5 27/09/2019 a 500 
 

Hokkaido 

3710 Hazel 6 27/09/2019 e 500 
 

Hokkaido 

3527 Hazel 1 20/10/2019 e 500 
 

Hokkaido 

3528 Hazel 2 20/10/2019 a 500 
 

Hokkaido 

3529 Hazel 3 20/10/2019 a 500 
 

Hokkaido 

3530 Hazel 4 20/10/2019 e 500 
 

Hokkaido 

3531 Hazel 5 20/10/2019 a 500 
 

Hokkaido 

3532 Hazel 6 20/10/2019 e 500 
 

Hokkaido 

2993 Sycamore 1 30/04/2020 e 500 
 

Hokkaido 

2994 Sycamore 2 30/04/2020 a 500 
 

Hokkaido 

2995 Sycamore 3 30/04/2020 a 500 
 

Hokkaido 

2996 Sycamore 4 30/04/2020 e 500 
 

Hokkaido 

2997 Sycamore 5 30/04/2020 a 500 
 

Hokkaido 

2998 Sycamore 6 30/04/2020 e 500 
 

Hokkaido 

2999 Hazel 1 30/04/2020 e 500 
 

Hokkaido 

3000 Hazel 2 30/04/2020 a 100 
 

Hokkaido 

3001 Hazel 3 30/04/2020 a 500 
 

Hokkaido 

3002 Hazel 4 30/04/2020 e 100 
 

Hokkaido 

3003 Hazel 5 30/04/2020 a 500 
 

Hokkaido 

3004 Hazel 6 30/04/2020 e 500 
 

Hokkaido 

2921 Sycamore 1 28/05/2020 e 500 
 

Bristol 
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2922 Sycamore 2 28/05/2020 a 500 
 

Bristol 

2923 Sycamore 3 28/05/2020 a 500 
 

Bristol 

2924 Sycamore 4 28/05/2020 e 500 
 

Bristol 

2925 Sycamore 5 28/05/2020 a 500 
 

Bristol 

2926 Sycamore 6 28/05/2020 e 500 
 

Bristol 

2927 Hazel 1 28/05/2020 e 500 IRMS run failure  Bristol 

2928 Hazel 2 28/05/2020 a 500 
 

Bristol 

2929 Hazel 3 28/05/2020 a 500 
 

Bristol 

2930 Hazel 4 28/05/2020 e 500 
 

Bristol 

2931 Hazel 5 28/05/2020 a 500 
 

Bristol 

2932 Hazel 6 28/05/2020 e 500 
 

Bristol 

2945 Sycamore 1 03/07/2020 e 500 
 

Hokkaido 

2946 Sycamore 2 03/07/2020 a 500 
 

Hokkaido 

2947 Sycamore 3 03/07/2020 a 500 
 

Hokkaido 

2948 Sycamore 4 03/07/2020 e 500 
 

Hokkaido 

2949 Sycamore 5 03/07/2020 a 500 
 

Hokkaido 

2950 Sycamore 6 03/07/2020 e 500 
 

Hokkaido 

2951 Hazel 1 03/07/2020 e 500 
 

Hokkaido 

2952 Hazel 2 03/07/2020 a 500 
 

Hokkaido 

2953 Hazel 3 03/07/2020 a 500 
 

Hokkaido 

2954 Hazel 4 03/07/2020 e 500 
 

Hokkaido 

2955 Hazel 5 03/07/2020 a 500 
 

Hokkaido 

2956 Hazel 6 03/07/2020 e 500 
 

Hokkaido 

2933 Sycamore 1 03/08/2020 e 500 
 

Bristol 

2934 Sycamore 2 03/08/2020 a 500 
 

Bristol 

2935 Sycamore 3 03/08/2020 a 500 
 

Bristol 

2936 Sycamore 4 03/08/2020 e 500 
 

Bristol 
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2937 Sycamore 5 03/08/2020 a 500 
 

Bristol 

2938 Sycamore 6 03/08/2020 e 500 
 

Bristol 

2939 Hazel 1 03/08/2020 e 100 
 

Bristol 

2940 Hazel 2 03/08/2020 a 100 
 

Bristol 

2941 Hazel 3 03/08/2020 a 100 
 

Bristol 

2942 Hazel 4 03/08/2020 e 100 
 

Bristol 

2943 Hazel 5 03/08/2020 a 100 
 

Bristol 

2944 Hazel 6 03/08/2020 e 500 
 

Bristol 

3025 Sycamore 1 28/08/2020 e 500 
 

Hokkaido 

3026 Sycamore 2 28/08/2020 a 500 
 

Hokkaido 

3027 Sycamore 3 28/08/2020 a 500 
 

Hokkaido 

3028 Sycamore 4 28/08/2020 e 500 
 

Hokkaido 

3029 Sycamore 5 28/08/2020 a 500 
 

Hokkaido 

3030 Sycamore 6 28/08/2020 e 500 
 

Hokkaido 

3031 Hazel 1 28/08/2020 e 500 
 

Hokkaido 

3032 Hazel 2 28/08/2020 a 500 
 

Hokkaido 

3033 Hazel 3 28/08/2020 a 500 
 

Hokkaido 

3034 Hazel 4 28/08/2020 e 500 
 

Hokkaido 

3035 Hazel 5 28/08/2020 a 100 
 

Hokkaido 

3036 Hazel 6 28/08/2020 e 500 
 

Hokkaido 

3141 Sycamore 1 23/09/2020 e 500 
 

Hokkaido 

3142 Sycamore 2 23/09/2020 a 500 
 

Hokkaido 

3143 Sycamore 3 23/09/2020 a 500 
 

Hokkaido 

3144 Sycamore 4 23/09/2020 e 500 
 

Hokkaido 

3145 Sycamore 5 23/09/2020 a 500 
 

Hokkaido 

3146 Sycamore 6 23/09/2020 e 500 
 

Hokkaido 

3147 Hazel 1 23/09/2020 e 100 
 

Hokkaido 
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3148 Hazel 2 23/09/2020 a 500 
 

Hokkaido 

3149 Hazel 3 23/09/2020 a 100 
 

Hokkaido 

3150 Hazel 4 23/09/2020 e 100 
 

Hokkaido 

3151 Hazel 5 23/09/2020 a 100 
 

Hokkaido 

3152 Hazel 6 23/09/2020 e 100 
 

Hokkaido 

3557 Sycamore 1 20/10/2020 e 500 
 

Hokkaido 

3558 Sycamore 2 20/10/2020 a 500 
 

Hokkaido 

3559 Sycamore 3 20/10/2020 a 500 
 

Hokkaido 

3560 Sycamore 4 20/10/2020 e 500 
 

Hokkaido 

3561 Sycamore 5 20/10/2020 a 500 
 

Hokkaido 

3563 Sycamore 6 20/10/2020 e 500 
 

Hokkaido 

3611 Hazel 1 20/10/2020 e 500 
 

Hokkaido 

3612 Hazel 2 20/10/2020 a 500 
 

Hokkaido 

3613 Hazel 3 20/10/2020 a 500 
 

Hokkaido 

3614 Hazel 4 20/10/2020 e 500 
 

Hokkaido 

3615 Hazel 5 20/10/2020 a 500 
 

Hokkaido 

3318 Sycamore 1 25/05/2021 e 500 
 

Bristol 

3319 Sycamore 2 25/05/2021 a 500 
 

Bristol 

3320 Sycamore 3 25/05/2021 a 500 
 

Bristol 

3321 Sycamore 4 25/05/2021 e 500 
 

Bristol 

3322 Sycamore 5 25/05/2021 a 500 
 

Bristol 

3323 Sycamore 6 25/05/2021 e 500 
 

Bristol 

3324 Hazel 1 25/05/2021 e 100 
 

Bristol 

3325 Hazel 2 25/05/2021 a 100 
 

Bristol 

3326 Hazel 3 25/05/2021 a 100 
 

Bristol 

3327 Hazel 4 25/05/2021 e 100 
 

Bristol 

3328 Hazel 5 25/05/2021 a 100 IRMS run failure  Bristol 
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3329 Hazel 6 25/05/2021 e 100 
 

Bristol 

3384 Sycamore 1 09/06/2021 e 500 
 

Hokkaido 

3385 Sycamore 2 09/06/2021 a 
 

Run fail: contaminated 
 

3386 Sycamore 3 09/06/2021 a 500 
 

Hokkaido 

3387 Sycamore 4 09/06/2021 e 500 
 

Hokkaido 

3388 Sycamore 5 09/06/2021 a 500 
 

Hokkaido 

3389 Sycamore 6 09/06/2021 e 500 
 

Hokkaido 

3390 Hazel 1 09/06/2021 e 100 
 

Hokkaido 

3391 Hazel 2 09/06/2021 a 100 
 

Hokkaido 

3392 Hazel 3 09/06/2021 a 100 
 

Hokkaido 

3393 Hazel 4 09/06/2021 e 100 Run fail: contaminated Hokkaido 

3394 Hazel 5 09/06/2021 a 100 
 

Hokkaido 

3395 Hazel 6 09/06/2021 e 500 
 

Hokkaido 

3515 Sycamore 1 15/07/2021 e 500 
 

Bristol 

3516 Sycamore 2 15/07/2021 a 500 
 

Bristol 

3517 Sycamore 3 15/07/2021 a 500 
 

Bristol 

3518 Sycamore 4 15/07/2021 e 500 
 

Bristol 

3519 Sycamore 5 15/07/2021 a 500 
 

Bristol 

3520 Sycamore 6 15/07/2021 e 500 
 

Bristol 

3521 Hazel 1 15/07/2021 e 500 
 

Bristol 

3522 Hazel 2 15/07/2021 a 500 
 

Bristol 

3523 Hazel 3 15/07/2021 a 500 
 

Bristol 

3524 Hazel 4 15/07/2021 e 500 
 

Bristol 

3525 Hazel 5 15/07/2021 a 500 
 

Bristol 

3526 Hazel 6 15/07/2021 e 500 
 

Bristol 

3533 Sycamore 1 23/08/2021 e 500 
 

Bristol 

3534 Sycamore 2 23/08/2021 a 500 
 

Bristol 
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3535 Sycamore 3 23/08/2021 a 500 
 

Bristol 

3536 Sycamore 4 23/08/2021 e 500 
 

Bristol 

3537 Sycamore 5 23/08/2021 a 500 
 

Bristol 

3538 Sycamore 6 23/08/2021 e 500 
 

Bristol 

3539 Hazel 1 23/08/2021 e 500 
 

Bristol 

3540 Hazel 2 23/08/2021 a 500 
 

Bristol 

3541 Hazel 3 23/08/2021 a 500 
 

Bristol 

3542 Hazel 4 23/08/2021 e 500 
 

Bristol 

3543 Hazel 5 23/08/2021 a 500 
 

Bristol 

3544 Hazel 6 23/08/2021 e 500 
 

Bristol 

3545 Sycamore 1 27/09/2021 e 500 
 

Hokkaido 

3546 Sycamore 2 27/09/2021 a 500 
 

Hokkaido 

3547 Sycamore 3 27/09/2021 a 500 
 

Hokkaido 

3548 Sycamore 4 27/09/2021 e 500 
 

Hokkaido 

3549 Sycamore 5 27/09/2021 a 500 
 

Hokkaido 

3550 Sycamore 6 27/09/2021 e 500 
 

Hokkaido 

3551 Hazel 1 27/09/2021 e 500 
 

Hokkaido 

3552 Hazel 2 27/09/2021 a 500 
 

Hokkaido 

3553 Hazel 3 27/09/2021 a 500 
 

Hokkaido 

3554 Hazel 4 27/09/2021 e 500 
 

Hokkaido 

3555 Hazel 5 27/09/2021 a 500 
 

Hokkaido 

3556 Hazel 6 27/09/2021 e 500 
 

Hokkaido 

3711 Sycamore 1 25/10/2021 e 500 
 

Hokkaido 

3712 Sycamore 2 25/10/2021 a 500 
 

Hokkaido 

3713 Sycamore 3 25/10/2021 a 500 
 

Hokkaido 

3714 Sycamore 4 25/10/2021 e 500 
 

Hokkaido 

3715 Sycamore 5 25/10/2021 a 500 
 

Hokkaido 
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3716 Sycamore 6 25/10/2021 e 500 
 

Hokkaido 

3717 Hazel 1 25/10/2021 e 500 
 

Hokkaido 

3718 Hazel 2 25/10/2021 a 500 
 

Hokkaido 

3719 Hazel 3 25/10/2021 a 500 
 

Hokkaido 

3720 Hazel 4 25/10/2021 e 500 
 

Hokkaido 

3721 Hazel 5 25/10/2021 a 500 
 

Hokkaido 

3722 Hazel 6 25/10/2021 e 500 
 

Hokkaido 

3952 Hazel 1 29/07/2022 e 500 Run FID only 
 

3953 Hazel 1 29/07/2022 e 500 Run FID only 
 

3954 Hazel 1 29/07/2022 e 500 Run FID only 
 

3955 Hazel 1 29/07/2022 e 500 Run FID only 
 

3956 Hazel 1 29/07/2022 e 500 Run FID only 
 

3957 Hazel 1 29/07/2022 e 500 Run FID only 
 

3958 Hazel 2 29/07/2022 a 
 

sample lost 
 

3959 Hazel 2 29/07/2022 a 
 

sample lost 
 

3960 Hazel 2 29/07/2022 a 
 

sample lost 
 

3961 Hazel 2 29/07/2022 a 
 

sample lost 
 

3962 Hazel 2 29/07/2022 a 
 

sample lost 
 

3963 Hazel 3 29/07/2022 a 500 Run FID only 
 

3964 Hazel 3 29/07/2022 a 500 Run FID only 
 

3965 Hazel 3 29/07/2022 a 500 Run FID only 
 

3966 Hazel 3 29/07/2022 a 500 Run FID only 
 

3967 Hazel 3 29/07/2022 a 500 Run FID only 
 

3968 Hazel 3 29/07/2022 a 500 Run FID only 
 

3969 Hazel 3 29/07/2022 a 500 Run FID only 
 

3970 Hazel 4 29/07/2022 e 500 Run FID only 
 

3971 Hazel 4 29/07/2022 e 500 Run FID only 
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3972 Hazel 4 29/07/2022 e 500 Run FID only 
 

3973 Hazel 4 29/07/2022 e 500 Run FID only 
 

3976 Hazel 5 29/07/2022 a 500 Run FID only 
 

3977 Hazel 5 29/07/2022 a 500 Run FID only 
 

3978 Hazel 5 29/07/2022 a 500 Run FID only 
 

3979 Hazel 5 29/07/2022 a 500 Run FID only 
 

3980 Hazel 5 29/07/2022 a 500 Run FID only 
 

3981 Hazel 5 29/07/2022 a 500 Run FID only 
 

3982 Hazel 6 29/07/2022 e 500 Run FID only 
 

3983 Hazel 6 29/07/2022 e 500 Run FID only 
 

3984 Hazel 6 29/07/2022 e 500 Run FID only 
 

3985 Hazel 6 29/07/2022 e 500 Run FID only 
 

3986 Hazel 6 29/07/2022 e 500 Run FID only 
 

3987 Hazel 6 29/07/2022 e 500 Run FID only 
 

 

Table A2: EA-IRMS analysis metadata 
Sample 
code 

Species Array Date 
collected 

CO2 Bulk isotope 
run location 

Run notes Birmingham 
replicates 

Hokkaido 
replicates 

2849 Sycamore 1 08/06/2018 e Birmingham fail 1 
 

2850 Sycamore 2 08/06/2018 a Birmingham fail 1 
 

2851 Sycamore 3 08/06/2018 a Birmingham fail 1 
 

2852 Sycamore 4 08/06/2018 e Birmingham fail 2 
 

2853 Sycamore 5 08/06/2018 a Birmingham 
 

1 
 

2854 Sycamore 6 08/06/2018 e Birmingham 
 

1 
 

2861 Hazel 1 08/06/2018 e Birmingham, 
Hokkaido 

 
1 3 
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2862 Hazel 2 08/06/2018 a Birmingham, 
Hokkaido 

 
1 3 

2863 Hazel 3 08/06/2018 a Birmingham, 
Hokkaido 

 
1 3 

2864 Hazel 4 08/06/2018 e Hokkaido 
  

3 

2865 Hazel 5 08/06/2018 a Hokkaido 
  

3 

2866 Hazel 6 08/06/2018 e Hokkaido 
  

3 

2855 Sycamore 1 03/07/2018 e Hokkaido 
  

3 

2856 Sycamore 2 03/07/2018 a Hokkaido 
  

3 

2857 Sycamore 3 03/07/2018 a Birmingham, 
Hokkaido 

 
1 2 

2858 Sycamore 4 03/07/2018 e Birmingham, 
Hokkaido 

 
1 3 

2859 Sycamore 5 03/07/2018 a Birmingham, 
Hokkaido 

 
1 3 

2860 Sycamore 6 03/07/2018 e Birmingham, 
Hokkaido 

 
1 3 

2867 Hazel 1 03/07/2018 e Birmingham 
 

1 
 

2868 Hazel 2 03/07/2018 a Birmingham 
 

1 
 

2869 Hazel 3 03/07/2018 a Birmingham 
 

1 
 

2870 Hazel 4 03/07/2018 e Birmingham 
 

2 
 

2871 Hazel 5 03/07/2018 a Birmingham 
 

1 
 

2872 Hazel 6 03/07/2018 e Birmingham 
 

1 
 

2873 Sycamore 1 03/08/2018 e Birmingham, 
Hokkaido 

 
3 3 

2874 Sycamore 2 03/08/2018 a Birmingham, 
Hokkaido 

 
3 3 

2875 Sycamore 3 03/08/2018 a Birmingham, 
Hokkaido 

 
3 3 
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2876 Sycamore 4 03/08/2018 e Birmingham, 
Hokkaido 

 
3 3 

2877 Sycamore 5 03/08/2018 a Birmingham, 
Hokkaido 

 
3 3 

2878 Sycamore 6 03/08/2018 e Birmingham, 
Hokkaido 

 
3 3 

2885 Hazel 1 03/08/2018 e Hokkaido 
  

3 

2886 Hazel 2 03/08/2018 a Hokkaido 
  

3 

2887 Hazel 3 03/08/2018 a Hokkaido 
  

3 

2888 Hazel 4 03/08/2018 e Hokkaido 
  

3 

2889 Hazel 5 03/08/2018 a Hokkaido 
  

3 

2890 Hazel 6 03/08/2018 e Hokkaido 
  

3 

2879 Sycamore 1 31/08/2018 e Hokkaido 
  

3 

2880 Sycamore 2 31/08/2018 a Hokkaido 
  

3 

2881 Sycamore 3 31/08/2018 a Hokkaido 
  

3 

2882 Sycamore 4 31/08/2018 e Hokkaido 
  

3 

2883 Sycamore 5 31/08/2018 a Hokkaido 
  

3 

2884 Sycamore 6 31/08/2018 e Hokkaido 
  

3 

2891 Hazel 1 31/08/2018 e Birmingham, 
Hokkaido 

 
1 2 

2892 Hazel 2 31/08/2018 a Birmingham, 
Hokkaido 

 
1 3 

2893 Hazel 3 31/08/2018 a Birmingham, 
Hokkaido 

 
1 3 

2894 Hazel 4 31/08/2018 e Birmingham, 
Hokkaido 

 
1 3 

2895 Hazel 5 31/08/2018 a Birmingham, 
Hokkaido 

 
1 3 
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2896 Hazel 6 31/08/2018 e Birmingham, 
Hokkaido 

 
1 3 

2897 Sycamore 1 24/05/2019 e Birmingham 
 

1 
 

2898 Sycamore 2 24/05/2019 a Birmingham 
 

1 
 

2899 Sycamore 3 24/05/2019 a Birmingham 
 

1 
 

2900 Sycamore 4 24/05/2019 e Birmingham 
 

1 
 

2901 Sycamore 5 24/05/2019 a Birmingham 
 

1 
 

2902 Sycamore 6 24/05/2019 e Birmingham 
 

1 
 

2903 Hazel 1 24/05/2019 e Birmingham 
 

1 
 

2904 Hazel 2 24/05/2019 a Birmingham 
 

1 
 

2905 Hazel 3 24/05/2019 a Birmingham 
 

1 
 

2906 Hazel 4 24/05/2019 e Birmingham 
 

1 
 

2907 Hazel 5 24/05/2019 a 
 

Not run - not 
enough material 

  

2908 Hazel 6 24/05/2019 e 
 

Not run - not 
enough material 

  

2981 Sycamore 1 04/07/2019 e Birmingham, 
Hokkaido 

 
2 3 

2982 Sycamore 2 04/07/2019 a Birmingham, 
Hokkaido 

 
1 3 

2983 Sycamore 3 04/07/2019 a Birmingham, 
Hokkaido 

 
1 3 

2984 Sycamore 4 04/07/2019 e Birmingham, 
Hokkaido 

 
1 3 



214 
 

2985 Sycamore 5 04/07/2019 a Birmingham, 
Hokkaido 

 
1 2 

2986 Sycamore 6 04/07/2019 e Birmingham, 
Hokkaido 

 
1 3 

2987 Hazel 1 04/07/2019 e Birmingham 
 

1 
 

2988 Hazel 2 04/07/2019 a Birmingham 
 

1 
 

2989 Hazel 3 04/07/2019 a Birmingham 
 

1 
 

2990 Hazel 4 04/07/2019 e Birmingham 
 

1 
 

2991 Hazel 5 04/07/2019 a Birmingham 
 

1 
 

2992 Hazel 6 04/07/2019 e Birmingham 
 

1 
 

2969 Sycamore 1 29/07/2019 e Birmingham 
 

2 
 

2970 Sycamore 2 29/07/2019 a Birmingham 
 

1 
 

2971 Sycamore 3 29/07/2019 a Birmingham 
 

1 
 

2972 Sycamore 4 29/07/2019 e Birmingham 
 

1 
 

2973 Sycamore 5 29/07/2019 a Birmingham 
 

2 
 

2974 Sycamore 6 29/07/2019 e Birmingham 
 

1 
 

2975 Hazel 1 29/07/2019 e Birmingham 
 

1 
 

2976 Hazel 2 29/07/2019 a Birmingham 
 

1 
 

2977 Hazel 3 29/07/2019 a Birmingham 
 

1 
 

2978 Hazel 4 29/07/2019 e Birmingham 
 

1 
 

2979 Hazel 5 29/07/2019 a Birmingham 
 

1 
 

2980 Hazel 6 29/07/2019 e Birmingham 
 

1 
 

2957 Sycamore 1 23/08/2019 e Birmingham 
 

1 
 

2958 Sycamore 2 23/08/2019 a Birmingham 
 

1 
 

2959 Sycamore 3 23/08/2019 a Birmingham 
 

1 
 

2960 Sycamore 4 23/08/2019 e Birmingham 
 

1 
 

2961 Sycamore 5 23/08/2019 a Birmingham 
 

1 
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2962 Sycamore 6 23/08/2019 e Birmingham 
 

1 
 

2963 Hazel 1 23/08/2019 e Birmingham 
 

1 
 

2964 Hazel 2 23/08/2019 a Birmingham 
 

1 
 

2965 Hazel 3 23/08/2019 a Birmingham 
 

1 
 

2966 Hazel 4 23/08/2019 e Birmingham 
 

1 
 

2967 Hazel 5 23/08/2019 a Birmingham 
 

1 
 

2968 Hazel 6 23/08/2019 e Birmingham 
 

1 
 

3699 Sycamore 1 27/09/2019 e Birmingham 
 

2 
 

3700 Sycamore 2 27/09/2019 a Birmingham 
 

2 
 

3701 Sycamore 3 27/09/2019 a Birmingham 
 

2 
 

3702 Sycamore 4 27/09/2019 e Birmingham 
 

2 
 

3703 Sycamore 5 27/09/2019 a Birmingham 
 

1 
 

3704 Sycamore 6 27/09/2019 e Birmingham 
 

2 
 

3705 Hazel 1 27/09/2019 e Birmingham 
 

2 
 

3706 Hazel 2 27/09/2019 a Birmingham 
 

2 
 

3707 Hazel 3 27/09/2019 a Birmingham 
 

1 
 

3708 Hazel 4 27/09/2019 e Birmingham 
 

2 
 

3709 Hazel 5 27/09/2019 a Birmingham 
 

2 
 

3710 Hazel 6 27/09/2019 e Birmingham 
 

2 
 

3527 Hazel 1 20/10/2019 e 
 

Not run 
  

3528 Hazel 2 20/10/2019 a 
 

Not run 
  

3529 Hazel 3 20/10/2019 a 
 

Not run 
  

3530 Hazel 4 20/10/2019 e 
 

Not run 
  

3531 Hazel 5 20/10/2019 a 
 

Not run 
  

3532 Hazel 6 20/10/2019 e 
 

Not run 
  

2993 Sycamore 1 30/04/2020 e Birmingham 
 

1 
 

2994 Sycamore 2 30/04/2020 a Birmingham 
 

1 
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2995 Sycamore 3 30/04/2020 a Birmingham 
 

1 
 

2996 Sycamore 4 30/04/2020 e Birmingham 
 

1 
 

2997 Sycamore 5 30/04/2020 a Birmingham 
 

1 
 

2998 Sycamore 6 30/04/2020 e Birmingham 
 

1 
 

2999 Hazel 1 30/04/2020 e Birmingham 
 

1 
 

3000 Hazel 2 30/04/2020 a Birmingham 
 

1 
 

3001 Hazel 3 30/04/2020 a Birmingham 
 

1 
 

3002 Hazel 4 30/04/2020 e Birmingham 
 

1 
 

3003 Hazel 5 30/04/2020 a Birmingham 
 

1 
 

3004 Hazel 6 30/04/2020 e Birmingham 
 

1 
 

2921 Sycamore 1 28/05/2020 e Hokkaido 
  

3 

2922 Sycamore 2 28/05/2020 a Hokkaido 
  

3 

2923 Sycamore 3 28/05/2020 a Hokkaido 
  

3 

2924 Sycamore 4 28/05/2020 e Hokkaido 
  

2 

2925 Sycamore 5 28/05/2020 a Hokkaido 
  

3 

2926 Sycamore 6 28/05/2020 e Hokkaido 
  

3 

2927 Hazel 1 28/05/2020 e Hokkaido 
  

3 

2928 Hazel 2 28/05/2020 a Hokkaido 
  

3 

2929 Hazel 3 28/05/2020 a Hokkaido 
  

3 

2930 Hazel 4 28/05/2020 e Hokkaido 
  

3 

2931 Hazel 5 28/05/2020 a Hokkaido 
  

3 

2932 Hazel 6 28/05/2020 e Hokkaido 
  

3 

2945 Sycamore 1 03/07/2020 e Birmingham 
 

1 
 

2946 Sycamore 2 03/07/2020 a Birmingham 
 

1 
 

2947 Sycamore 3 03/07/2020 a Birmingham 
 

1 
 

2948 Sycamore 4 03/07/2020 e Birmingham 
 

1 
 

2949 Sycamore 5 03/07/2020 a Birmingham 
 

1 
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2950 Sycamore 6 03/07/2020 e Birmingham 
 

1 
 

2951 Hazel 1 03/07/2020 e Hokkaido 
  

3 

2952 Hazel 2 03/07/2020 a Hokkaido 
  

3 

2953 Hazel 3 03/07/2020 a Hokkaido 
  

3 

2954 Hazel 4 03/07/2020 e Hokkaido 
  

3 

2955 Hazel 5 03/07/2020 a Hokkaido 
  

3 

2956 Hazel 6 03/07/2020 e Hokkaido 
  

3 

2933 Sycamore 1 03/08/2020 e Birmingham 
 

1 
 

2934 Sycamore 2 03/08/2020 a Birmingham 
 

1 
 

2935 Sycamore 3 03/08/2020 a Birmingham 
 

1 
 

2936 Sycamore 4 03/08/2020 e Birmingham 
 

1 
 

2937 Sycamore 5 03/08/2020 a Birmingham 
 

1 
 

2938 Sycamore 6 03/08/2020 e Birmingham 
 

1 
 

2939 Hazel 1 03/08/2020 e Birmingham 
 

1 
 

2940 Hazel 2 03/08/2020 a Hokkaido 
  

3 

2941 Hazel 3 03/08/2020 a Hokkaido 
  

3 

2942 Hazel 4 03/08/2020 e Hokkaido 
  

3 

2943 Hazel 5 03/08/2020 a Hokkaido 
  

3 

2944 Hazel 6 03/08/2020 e Hokkaido 
  

3 

3025 Sycamore 1 28/08/2020 e Birmingham 
 

1 
 

3026 Sycamore 2 28/08/2020 a Birmingham 
 

1 
 

3027 Sycamore 3 28/08/2020 a Birmingham 
 

1 
 

3028 Sycamore 4 28/08/2020 e Birmingham 
 

1 
 

3029 Sycamore 5 28/08/2020 a Birmingham 
 

1 
 

3030 Sycamore 6 28/08/2020 e Birmingham 
 

1 
 

3031 Hazel 1 28/08/2020 e Hokkaido 
  

3 

3032 Hazel 2 28/08/2020 a Hokkaido 
  

3 
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3033 Hazel 3 28/08/2020 a Birmingham 
 

1 
 

3034 Hazel 4 28/08/2020 e Birmingham 
 

1 
 

3035 Hazel 5 28/08/2020 a Birmingham 
 

1 
 

3036 Hazel 6 28/08/2020 e Birmingham 
 

1 
 

3141 Sycamore 1 23/09/2020 e Birmingham 
 

1 
 

3142 Sycamore 2 23/09/2020 a Birmingham 
 

1 
 

3143 Sycamore 3 23/09/2020 a Birmingham 
 

2 
 

3144 Sycamore 4 23/09/2020 e Birmingham 
 

2 
 

3145 Sycamore 5 23/09/2020 a Birmingham 
 

1 
 

3146 Sycamore 6 23/09/2020 e Birmingham 
 

1 
 

3147 Hazel 1 23/09/2020 e Birmingham 
 

1 
 

3148 Hazel 2 23/09/2020 a Birmingham 
 

1 
 

3149 Hazel 3 23/09/2020 a Birmingham 
 

1 
 

3150 Hazel 4 23/09/2020 e Birmingham 
 

1 
 

3151 Hazel 5 23/09/2020 a Birmingham 
 

1 
 

3152 Hazel 6 23/09/2020 e Birmingham 
 

1 
 

3557 Sycamore 1 20/10/2020 e Birmingham 
 

1 
 

3558 Sycamore 2 20/10/2020 a Birmingham 
 

1 
 

3559 Sycamore 3 20/10/2020 a Birmingham 
 

1 
 

3560 Sycamore 4 20/10/2020 e Birmingham 
 

1 
 

3561 Sycamore 5 20/10/2020 a Birmingham 
 

1 
 

3563 Sycamore 6 20/10/2020 e Birmingham 
 

1 
 

3611 Hazel 1 20/10/2020 e 
 

Not run 
  

3612 Hazel 2 20/10/2020 a 
 

Not run 
  

3613 Hazel 3 20/10/2020 a 
 

Not run 
  

3614 Hazel 4 20/10/2020 e 
 

Not run 
  

3615 Hazel 5 20/10/2020 a 
 

Not run 
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3318 Sycamore 1 25/05/2021 e Birmingham 
 

3 
 

3319 Sycamore 2 25/05/2021 a Birmingham 
 

3 
 

3320 Sycamore 3 25/05/2021 a Birmingham 
 

1 
 

3321 Sycamore 4 25/05/2021 e Birmingham 
 

1 
 

3322 Sycamore 5 25/05/2021 a Birmingham 
 

1 
 

3323 Sycamore 6 25/05/2021 e Birmingham 
 

1 
 

3324 Hazel 1 25/05/2021 e Birmingham 
 

1 
 

3325 Hazel 2 25/05/2021 a Birmingham 
 

1 
 

3326 Hazel 3 25/05/2021 a Birmingham 
 

1 
 

3327 Hazel 4 25/05/2021 e Birmingham 
 

1 
 

3328 Hazel 5 25/05/2021 a Birmingham 
 

1 
 

3329 Hazel 6 25/05/2021 e Birmingham 
 

1 
 

3384 Sycamore 1 09/06/2021 e Birmingham 
 

1 
 

3385 Sycamore 2 09/06/2021 a 
  

1 
 

3386 Sycamore 3 09/06/2021 a Birmingham 
 

1 
 

3387 Sycamore 4 09/06/2021 e Birmingham 
 

1 
 

3388 Sycamore 5 09/06/2021 a Birmingham 
 

1 
 

3389 Sycamore 6 09/06/2021 e Birmingham 
 

1 
 

3390 Hazel 1 09/06/2021 e Birmingham 
 

1 
 

3391 Hazel 2 09/06/2021 a Birmingham 
 

1 
 

3392 Hazel 3 09/06/2021 a Birmingham 
 

1 
 

3393 Hazel 4 09/06/2021 e Birmingham 
 

1 
 

3394 Hazel 5 09/06/2021 a Birmingham 
 

1 
 

3395 Hazel 6 09/06/2021 e Birmingham 
 

1 
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3515 Sycamore 1 15/07/2021 e Birmingham 
 

4 
 

3516 Sycamore 2 15/07/2021 a Birmingham 
 

4 
 

3517 Sycamore 3 15/07/2021 a Birmingham 
 

4 
 

3518 Sycamore 4 15/07/2021 e Birmingham 
 

4 
 

3519 Sycamore 5 15/07/2021 a Birmingham 
 

4 
 

3520 Sycamore 6 15/07/2021 e Birmingham 
 

1 
 

3521 Hazel 1 15/07/2021 e Birmingham 
 

1 
 

3522 Hazel 2 15/07/2021 a Birmingham 
 

1 
 

3523 Hazel 3 15/07/2021 a Birmingham 
 

1 
 

3524 Hazel 4 15/07/2021 e Birmingham 
 

1 
 

3525 Hazel 5 15/07/2021 a Birmingham 
 

1 
 

3526 Hazel 6 15/07/2021 e Birmingham 
 

1 
 

3533 Sycamore 1 23/08/2021 e Birmingham 
 

3 
 

3534 Sycamore 2 23/08/2021 a Birmingham 
 

3 
 

3535 Sycamore 3 23/08/2021 a Birmingham 
 

1 
 

3536 Sycamore 4 23/08/2021 e Birmingham 
 

3 
 

3537 Sycamore 5 23/08/2021 a Birmingham 
 

3 
 

3538 Sycamore 6 23/08/2021 e Birmingham 
 

1 
 

3539 Hazel 1 23/08/2021 e Birmingham 
 

2 
 

3540 Hazel 2 23/08/2021 a Birmingham 
 

2 
 

3541 Hazel 3 23/08/2021 a Birmingham 
 

2 
 

3542 Hazel 4 23/08/2021 e Birmingham 
 

1 
 

3543 Hazel 5 23/08/2021 a Birmingham 
 

1 
 

3544 Hazel 6 23/08/2021 e Birmingham 
 

1 
 

3545 Sycamore 1 27/09/2021 e Birmingham 
 

1 
 

3546 Sycamore 2 27/09/2021 a Birmingham 
 

1 
 

3547 Sycamore 3 27/09/2021 a Birmingham 
 

1 
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3548 Sycamore 4 27/09/2021 e Birmingham 
 

1 
 

3549 Sycamore 5 27/09/2021 a Birmingham 
 

1 
 

3550 Sycamore 6 27/09/2021 e Birmingham 
 

1 
 

3551 Hazel 1 27/09/2021 e Birmingham 
 

1 
 

3552 Hazel 2 27/09/2021 a Birmingham 
 

1 
 

3553 Hazel 3 27/09/2021 a Birmingham 
 

1 
 

3554 Hazel 4 27/09/2021 e Birmingham 
 

1 
 

3555 Hazel 5 27/09/2021 a Birmingham 
 

1 
 

3556 Hazel 6 27/09/2021 e Birmingham 
 

1 
 

3711 Sycamore 1 25/10/2021 e 
 

Not run 
  

3712 Sycamore 2 25/10/2021 a 
 

Not run 
  

3713 Sycamore 3 25/10/2021 a 
 

Not run 
  

3714 Sycamore 4 25/10/2021 e 
 

Not run 
  

3715 Sycamore 5 25/10/2021 a 
 

Not run 
  

3716 Sycamore 6 25/10/2021 e 
 

Not run 
  

3717 Hazel 1 25/10/2021 e Birmingham 
 

1 
 

3718 Hazel 2 25/10/2021 a Birmingham 
 

1 
 

3719 Hazel 3 25/10/2021 a Birmingham 
 

1 
 

3720 Hazel 4 25/10/2021 e Birmingham 
 

1 
 

3721 Hazel 5 25/10/2021 a Birmingham 
 

1 
 

3722 Hazel 6 25/10/2021 e Birmingham 
 

1 
 

 

Table A3: Summary statistics for n-alkane chemistry and carbon isotopes 
Species Sample date ACL CPI Dispersion Concentration εlipid WMA 

aCO2 e CO2 a CO2 e CO2 a CO2 e CO2 a CO2 e CO2 a CO2 e CO2 

Hazel 08/06/2018 28.02 27.66 7.47 7.73 7.10 7.75 66.98 69.11 -5.66 -6.40 
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Hazel 03/07/2018 28.65 28.93 9.22 9.00 4.80 4.94 126.07 159.40 -5.77 -5.25 

Hazel 03/08/2018 28.56 28.71 8.64 9.26 4.44 4.53 450.82 160.01 -6.99 -4.30 

Hazel 31/08/2018 28.71 28.46 6.31 6.63 3.39 3.95 109.71 232.00 -4.55 -0.69 

Hazel 24/05/2019 27.98 28.36 8.52 8.70 5.93 6.21 115.98 75.61 -5.56 -6.82 

Hazel 04/07/2019 28.11 27.80 8.83 9.20 5.86 6.47 61.35 48.73 -5.24 -2.99 

Hazel 29/07/2019 28.44 28.75 7.51 8.08 4.45 3.42 88.20 175.25 -5.52 -3.73 

Hazel 23/08/2019 28.72 28.61 6.46 6.55 3.96 5.32 80.05 34.77 -4.89 -0.41 

Hazel 27/09/2019 28.62 28.06 4.75 3.86 4.23 6.14 104.97 45.11 
  

Hazel 20/10/2019 28.78 28.87 7.77 8.14 3.58 4.07 54.25 70.05 
  

Hazel 30/04/2020 27.76 26.90 9.67 7.50 6.52 6.32 92.70 75.41 -6.89 -6.16 

Hazel 28/05/2020 28.64 28.09 10.48 9.47 4.51 6.16 133.91 231.70 -6.10 -4.44 

Hazel 03/07/2020 28.75 28.19 8.39 9.20 4.79 6.20 208.30 96.38 -6.57 -4.13 

Hazel 03/08/2020 28.85 28.34 8.25 8.41 4.18 4.40 184.68 66.15 -7.06 -6.02 

Hazel 28/08/2020 28.84 28.51 8.92 8.54 3.92 4.53 128.60 53.37 -5.22 -4.22 

Hazel 23/09/2020 28.22 27.89 8.60 6.99 4.91 5.04 65.29 60.65 -5.93 -2.48 

Hazel 20/10/2020 28.75 28.79 7.17 5.64 3.52 3.24 102.45 106.62 
  

Hazel 25/05/2021 26.45 26.20 6.28 4.86 7.23 6.99 101.79 76.33 -6.22 -6.78 

Hazel 09/06/2021 28.26 28.06 8.05 10.85 6.12 5.95 141.20 95.24 -3.99 0.58 

Hazel 15/07/2021 28.71 28.32 9.33 9.36 4.55 5.71 111.12 68.24 -5.50 -4.04 

Hazel 23/08/2021 28.96 28.63 8.47 7.40 3.44 4.05 132.39 94.58 -5.25 -2.51 

Hazel 27/09/2021 28.63 27.80 6.46 5.43 4.41 5.33 95.40 36.00 
  

Hazel 25/10/2021 27.66 26.84 1.49 1.07 6.45 7.43 116.21 70.82 
  

Sycamore 08/06/2018 29.07 29.14 19.24 19.52 4.61 4.18 190.14 272.65 -4.66 -7.01 

Sycamore 03/07/2018 28.89 29.03 15.24 14.80 3.89 4.05 203.98 242.61 -5.54 -4.05 

Sycamore 03/08/2018 28.76 29.04 12.97 12.15 4.63 4.20 370.62 580.30 -4.98 -4.72 

Sycamore 31/08/2018 29.57 29.00 10.04 8.96 3.21 3.03 318.62 831.52 -6.44 -5.20 

Sycamore 24/05/2019 28.90 29.03 18.10 11.66 4.98 4.55 214.42 186.08 -4.32 -3.45 
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Sycamore 04/07/2019 29.02 28.90 15.54 13.58 4.60 5.08 287.91 347.77 -3.55 -1.91 

Sycamore 29/07/2019 28.86 28.68 12.77 12.36 4.41 4.31 231.83 284.14 -3.49 -3.35 

Sycamore 23/08/2019 29.14 28.83 13.55 12.17 4.13 3.98 278.71 259.32 -3.10 -3.34 

Sycamore 27/09/2019 28.67 28.59 5.28 6.80 4.17 3.93 268.86 222.16 
  

Sycamore 30/04/2020 29.04 29.04 14.80 10.38 5.05 5.08 424.10 352.67 -4.03 -4.59 

Sycamore 28/05/2020 28.99 29.22 18.09 16.63 4.57 4.22 402.20 331.75 -4.64 -4.60 

Sycamore 03/07/2020 29.07 29.01 14.97 14.72 3.99 4.05 425.63 402.06 -4.56 -3.76 

Sycamore 03/08/2020 29.08 29.19 16.30 15.08 4.19 4.07 236.49 242.63 
 

-4.74 

Sycamore 28/08/2020 29.07 29.08 13.94 13.55 4.05 3.80 263.21 242.37 -3.70 -2.64 

Sycamore 23/09/2020 29.08 29.07 11.71 11.25 3.91 3.55 278.80 293.36 -2.31 -2.65 

Sycamore 20/10/2020 28.55 28.83 7.94 9.26 7.97 6.83 331.75 412.43 
  

Sycamore 25/05/2021 28.72 28.86 15.27 20.86 5.56 5.07 452.71 286.80 -5.54 -4.91 

Sycamore 09/06/2021 28.81 28.68 16.26 17.62 4.83 5.20 372.10 458.59 -4.29 -3.37 

Sycamore 15/07/2021 28.67 28.61 15.21 15.02 4.76 4.85 206.06 192.54 -3.51 -2.83 

Sycamore 23/08/2021 28.93 29.02 13.90 13.24 4.26 4.05 283.12 279.17 -4.02 -3.12 

Sycamore 27/09/2021 28.80 28.94 9.12 8.44 4.20 3.80 282.67 390.56 
  

Sycamore 25/10/2021 28.48 28.53 2.89 3.32 4.18 4.13 241.15 320.43 
  

Hazel 29/07/2022 30.58 29.96 7.99 7.34 5.65 4.16 113.73 55.39 
  

 

Table A4: Ambient bulk oak δ13C (July 2020). Samples were not homogenised, and were processed as described in chapter 2. Three 

replicates were taken from the canopy of 2 trees (Quercus robur) in arrays 2 and 3.  
Array δ13C  

2 -29.769 -29.7865 -29.025 

2 -29.6244 -30.2897 -30.4966 

3 -30.2349 -30.0173 -29.8247 

3 -28.358 -28.3831 -28.614 
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Table A5: GDGT -based temperature reconstructions for core 16/28-sb01 
Sample 
code 

mid 
depth 
(m) 

Age GDGT-0 GDGT-1 GDG-T2 GDGT-3 Crenarchaeol Cren' TEX86 Bayspar 
5th (°C) 

SST 
Bayspar 
(°C) 

Bayspa
r 95th 
(°C) 

903 43.51 44.97 
          

904 53.5 45.33 125431 28039 44155 14736 375145 57459 0.81 27.10 31.97 37.17 

905 60.6 45.58 22608 7631 5127 906 47109 6713 0.63 17.27 22.60 27.36 

906 68.5 45.86 20872 1541 2995 0 15897 690 0.71 21.78 26.82 31.63 

909 80.01 46.26 248866 54073 62686 21424 385843 39785 0.70 21.21 26.26 31.06 

910 81 46.15 1022512 146744 199700 37365 476757 40602 0.65 18.92 24.05 28.80 

913 82.41 46.33 158179 0 14397 0 84462 7743 
    

914 82.91 46.37 60709 14674 19221 3855 141075 11092 0.70 21.43 26.44 31.20 

915 83.41 49.23 22937657 4049312 4790456 1106554 16418403 2163531 0.67 19.60 24.63 29.50 

917 88.4 49.27 2843951 1099078 1317535 503674 6670182 958228 0.72 22.34 27.35 32.17 

919 89.26 49.30 21859990 4558343 2651799 1413517 22465236 3257493 0.62 16.87 22.08 26.89 

921 89.71 49.32 16573207 3455770 4773396 1086928 18543156 2611737 0.71 21.89 26.99 31.86 

922 90.21 49.34 456763 99551 149969 19808 948899 112700 0.74 23.57 28.52 33.59 

923 90.81 49.37 3739000 569830 656683 204381 3669778 573105 0.72 22.29 27.29 32.24 

924 91.31 49.39 3033920 745225 986933 210573 5207248 662385 0.71 22.24 27.21 32.08 

925 91.81 49.41 3739428 875835 1100059 269114 5576436 742305 0.71 21.87 26.81 31.74 

926 93.71 49.50 14908710 3910708 5087005 887173 21576938 2894438 0.69 21.13 26.15 31.03 

928 94.56 49.54 2079844 376501 692380 207929 2366008 347398 0.77 25.15 30.09 35.00 

929 94.81 49.55 11302669 2260431 3182555 829853 11962470 2235578 0.73 23.30 28.27 33.14 

931 95.71 49.58 798462 173726 173726 33555 1336641 157333 0.68 20.21 25.29 30.12 

932 96.81 49.62 16611278 3803688 5280167 1301177 20321597 3671982 0.73 23.08 28.03 33.01 

933 97.41 49.64 4817210 1232508 1863061 421777 7243093 1257343 0.74 23.70 28.70 33.67 

934 97.81 49.66 1617070 443827 624928 125501 2848561 359556 0.71 22.24 27.22 32.11 
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935 105.31 49.93 19425327 4657427 6476108 1872074 24598667 3078968 0.71 22.05 27.03 31.87 

936 105.71 49.94 817498 188791 254751 68671 1415475 182273 0.73 22.97 27.90 32.90 

937 106.01 49.95 9101119 1930802 2902599 744149 12384106 1586254 0.73 23.16 28.10 33.03 

938 106.52 49.97 4823533 1380744 1746053 533112 9671175 1257406 0.72 22.47 27.50 32.38 

939 107.46 50.01 15882169 4667070 7249946 1694774 21098425 3991984 0.73 23.35 28.31 33.20 

940 107.885 50.04 694029 175271 256786 67661 1189039 209605 0.75 24.23 29.23 34.21 

941 108.33 50.06 17688512 4459950 6503209 1878621 22604611 4069822 0.74 23.43 28.38 33.33 

942 108.71 50.09 24572120 5756934 8316402 2038640 21343098 4088480 0.72 22.30 27.29 32.10 

943 109.21 50.12 10155385 792869 1256908 348673 5316940 737824 0.75 24.01 28.91 34.00 

944 109.61 50.15 1968488 371996 449373 106287 1877375 347660 0.71 21.92 26.92 31.70 

945 110.21 50.19 15630795 4011271 5035242 1359751 15149956 2933971 0.70 21.44 26.42 31.19 

946 110.69 50.21 7909076 2152907 3095768 719606 10565515 1249323 0.70 21.54 26.60 31.33 

947 111.11 50.23 15383033 3875437 4258124 1428965 18869000 3085347 0.69 21.12 26.14 31.00 

948 111.56 50.24 12520152 3111652 3150780 977944 14087808 1815212 0.66 18.98 24.19 28.93 

950 112.365 50.27 20245217 4777050 5957461 1438803 24084766 3204079 0.69 20.88 25.92 30.67 

951 112.81 50.29 18771561 4818006 6201041 1547734 19144837 2813378 0.69 20.74 25.79 30.53 

952 113.31 50.30 11868149 2923320 3492519 1138984 16497717 2587712 0.71 22.18 27.08 31.94 

953 113.98 50.33 1538147 380736 418886 118889 2043229 240583 0.67 19.88 24.99 29.82 

954 116.81 50.42 10783421 2459989 3541085 916296 13924685 2384858 0.74 23.33 28.33 33.20 

955 118.11 50.46 10535110 2317903 2620472 618799 12305127 1446128 0.67 19.84 24.95 29.64 

956 118.61 50.47 715888 151060 208205 43758 1247349 141166 0.72 22.67 27.64 32.46 

957 119.01 50.48 3801418 978041 1281571 348013 7604524 926655 0.72 22.80 27.68 32.60 

958 119.39 50.49 2069380 487230 604853 156755 3308595 429088 0.71 21.96 26.95 31.87 

959 119.81 50.50 7729201 1322544 2198100 483141 7788093 781140 0.72 22.66 27.69 32.58 

960 120.31 50.51 6341603 1485424 1843194 557388 8899621 984693 0.70 21.24 26.25 31.11 

961 122.31 50.56 11383333 2902207 3900600 1030338 13509402 2370713 0.72 22.29 27.26 32.15 

962 122.71 50.57 1059919 300472 360141 92237 1709380 271864 0.71 21.86 26.80 31.68 
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963 123.19 50.58 16300773 3471054 5084944 1590023 16940578 3454665 0.74 23.85 28.84 33.82 

964 123.61 50.59 11686412 2450452 3284476 1047506 14953310 1950430 0.72 22.49 27.49 32.38 

965 124.01 50.59 15322813 4462016 5917508 1742766 23640536 3634301 0.72 22.45 27.37 32.14 

966 124.41 50.60 641218 150797 231381 70759 944913 159494 0.75 24.39 29.30 34.20 

967 124.82 50.61 24205891 6122766 7245845 2167909 34058564 4440437 0.69 21.06 26.15 30.96 

968 125.72 50.63 14610820 3609253 5344581 1561630 18498295 3662238 0.75 23.94 28.81 33.78 

969 126.11 50.64 20318040 6170589 8569523 2353948 32967078 5696516 0.73 23.07 27.98 32.88 

970 126.61 50.65 17383665 4356250 5550151 1704385 29254157 5282239 0.74 23.71 28.67 33.62 

971 126.99 50.66 8530227 2455426 3830085 905037 13640224 2366586 0.74 23.68 28.68 33.73 

972 127.61 50.68 15425126 4222930 5251087 1436096 22619754 4364801 0.72 22.72 27.72 32.59 

973 128.01 50.69 7716645 3707543 5724869 1614907 21391632 4154397 0.76 24.41 29.39 34.40 

974 128.41 50.70 12078987 3192109 5173421 1444956 18046667 2789841 0.75 23.95 28.84 33.84 

975 128.91 50.71 6078809 1657812 2097620 597245 8966162 1723415 0.73 22.86 27.89 32.84 

976 129.31 50.72 2814017 815565 1174517 361335 5550044 1032102 0.76 24.71 29.53 34.63 

1682 129.84 50.73 3242596 791115 1309029 399578 6012519 1009086 0.77 25.48 30.34 35.44 

977 129.86 50.73 21837741 5543939 7027679 2265913 24213190 4657478 0.72 22.31 27.30 32.22 

1683 129.89 50.73 5780830 1386624 2222745 498276 9016828 1562326 0.76 24.42 29.36 34.33 

978 130.21 50.73 16881534 5496510 7306225 2081944 24843501 3981362 0.71 21.92 26.90 31.73 

1689 135.25 50.79 1061099 354498 407959 139962 1969552 308860 0.71 21.84 26.90 31.71 

979 135.86 50.80 16647500 4518360 5398338 1594415 20117609 3000171 0.69 20.83 25.89 30.74 

980 136.36 50.81 3479491 909444 1298745 353035 6815473 924010 0.74 23.56 28.49 33.41 

981 136.86 50.81 11827 1617 3588 634 29072 4140 0.84 28.70 33.65 38.99 

982 137.21 50.82 3120502 778646 1242884 377439 5147141 751921 0.75 24.20 29.19 34.18 

1700 137.24 50.82 4108653 1030993 1462492 386164 7213699 1197569 0.75 24.07 28.93 33.88 

1701 137.31 50.82 1340081 298030 356857 100107 1612721 242952 0.70 21.52 26.55 31.36 

983 137.71 50.82 727654 164532 248237 68266 1491287 188595 0.75 24.52 29.31 34.30 

984 144.21 52.66 793875 81430 113557 24847 478203 56789 0.71 21.76 26.76 31.57 
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1708 144.74 52.68 3717670 1165946 1931235 613585 7118590 1395123 0.77 25.26 30.20 35.34 

 

Table A6: Alkenone-based temperature reconstructions from core 16/28-sb01 
Sample code mid depth (m) Age (Ma) 373 alkenone 372 alkenone Bayspline 5th (°C) SST Bayspline 

(°C) 
Bayspline 95th (°C) 

903 43.51 44.97 0.34 0.66 15.24 17.96 20.70 

904 53.5 45.33 0.37 0.63 14.31 17.01 19.76 

905 60.6 45.58 0.37 0.63 14.22 17.00 19.77 

906 68.5 45.86 0.32 0.68 15.80 18.52 21.27 

909 80.01 46.26 0.34 0.66 15.24 17.99 20.72 

910 81 46.15 0.53 0.47 9.60 12.32 15.05 

915 83.41 49.23 0.25 0.75 17.75 20.53 23.29 

923 90.81 49.37 0.05 0.95 24.33 28.28 34.33 

924 91.31 49.39 0.03 0.97 25.11 29.26 35.56 

925 91.81 49.41 0.06 0.94 23.80 27.44 33.45 

926 93.71 49.50 0.01 0.99 25.62 30.02 36.41 

927 94 49.52 0.02 0.98 25.31 29.64 35.93 

928 94.56 49.54 0.02 0.98 25.26 29.56 35.94 

929 94.81 49.55 0.02 0.98 25.10 29.32 35.54 

932 96.81 49.62 0.02 0.98 25.34 29.61 35.93 

934 97.81 49.66 0.02 0.98 25.37 29.68 36.10 

935 105.31 49.93 0.01 0.99 25.59 29.98 36.44 

937 106.01 49.95 0.41 0.59 13.25 15.98 18.73 

938 106.52 49.97 0.03 0.97 24.97 29.12 35.28 

939 107.46 50.01 0.03 0.97 25.06 29.21 35.41 

941 108.33 50.06 0.28 0.72 17.04 19.77 22.58 
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942 108.71 50.09 0.07 0.93 23.57 27.08 32.76 

943 109.21 50.12 0.02 0.98 25.21 29.48 35.82 

944 109.61 50.15 0.02 0.98 25.35 29.65 36.06 

945 110.21 50.19 0.02 0.98 25.24 29.47 35.82 

946 110.69 50.21 0.03 0.97 24.81 28.90 35.19 

947 111.11 50.23 0.02 0.98 25.37 29.67 36.01 

948 111.56 50.24 0.02 0.98 25.18 29.43 35.75 

949 111.91 50.26 0.01 0.99 25.45 29.79 36.22 

950 112.365 50.27 0.03 0.97 25.05 29.19 35.52 

951 112.81 50.29 0.06 0.94 23.96 27.62 33.55 

952 113.31 50.30 0.28 0.72 16.95 19.76 22.61 

953 113.98 50.33 0.04 0.96 24.68 28.71 34.87 

955 118.11 50.46 0.04 0.96 24.62 28.59 34.69 

957 119.01 50.48 0.02 0.98 25.42 29.78 36.08 

958 119.39 50.49 0.09 0.91 23.01 26.32 31.76 

959 119.81 50.50 0.01 0.99 25.53 29.93 36.30 

960 120.31 50.51 0.04 0.96 24.54 28.50 34.66 

961 122.31 50.56 0.04 0.96 24.43 28.32 34.40 

962 122.71 50.57 0.20 0.80 19.44 22.25 25.34 

963 123.19 50.58 0.02 0.98 25.25 29.50 35.83 

964 123.61 50.59 0.06 0.94 23.79 27.40 33.21 

967 124.82 50.61 0.03 0.97 25.09 29.28 35.53 

969 126.11 50.64 0.06 0.94 23.85 27.51 33.48 

972 127.61 50.68 0.13 0.87 21.77 24.77 29.33 

973 128.01 50.69 0.07 0.93 23.42 26.89 32.66 

975 128.91 50.71 0.05 0.95 24.39 28.26 34.38 

979 135.86 50.80 0.02 0.98 25.17 29.36 35.65 
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980 136.36 50.81 0.01 0.99 25.51 29.91 36.27 

982 137.21 50.82 0.03 0.97 24.90 29.06 35.28 

983 137.71 50.82 0.08 0.92 23.29 26.66 32.33 

 

Table A7: Details of parameters used for CO2 reconstruction in core 16/28-sb01.  
Sample mid depth age Alkenone δ13C Calcite δ13C* UK'37 temperature (°C) TEX temperature 

(°C) 
Lith size* εp 

208 41.01 44.64 -33.17 2.32600 18.40151 26.68969 3.80 21.75156 

214 52.51 45.95342 -33.88 2.32600 21.44807 25.83316 3.66 23.55724 

217 87.91 49.24891 -34.06 3.58882 24.62021 22.08171 3.89 24.97998 

919 89.26 49.30374 -32.90 3.58882 29.46262 28.09701 3.89 23.60177 

213 96.31 49.6 -36.48 3.58882 29.61044 28.03117 4.11 27.40058 

932 96.81 49.62048 -32.07 3.58882 29.98293 27.02657 4.33 22.79478 

935 105.31 49.92894 -32.49 3.58882 29.12152 27.50089 5.21 23.56991 

938 106.52 49.97285 -29.88 3.58882 29.16754 27.90807 6.09 20.5065 

215 107.01 49.99064 -33.96 3.58882 29.47508 28.90962 5.92 24.89845 

943 109.21 50.12057 -33.12 3.58882 29.65411 26.91678 5.75 24.03496 

944 109.61 50.14639 -30.22 3.58882 29.4703 26.41944 6.39 20.77796 

945 110.21 50.18513 -33.82 3.58882 29.79452 24.94877 6.69 24.84359 

949 111.91 50.25531 -31.96 3.58882 28.60664 24.94582 6.25 22.95166 

218 117.21 50.43807 -33.33 3.58882 28.58655 24.94598 5.59 23.99197 

955 118.11 50.46047 -32.11 3.58882 26.32123 26.94646 4.94 23.10157 

958 119.39 50.48963 -30.04 3.58882 29.92716 27.6857 4.67 20.67861 

959 119.81 50.4992 -33.93 3.58882 28.44937 26.53937 4.41 25.22617 

212 120.89 50.52381 -33.76 3.58882 22.24512 26.80081 4.17 24.82764 

962 122.71 50.56527 -32.66 3.58882 29.49526 28.84105 4.10 23.39215 

963 123.19 50.57621 -32.44 3.58882 29.27917 26.15383 4.10 23.21584 



230 
 

967 124.82 50.61335 -31.28 3.58882 28.73627 27.32203 4.03 22.14317 

216 125.21 50.62223 -33.48 3.58882 24.76719 27.71945 4.17 24.39354 

972 127.61 50.67691 -32.88 3.58882 26.89406 29.38885 3.81 23.51884 

973 128.01 50.68602 -32.25 3.58882 28.25831 27.8863 4.09 22.91904 

975 128.91 50.70653 -32.18 3.58882 29.28964 26.70234 3.80 22.7886 

209 135.36 50.79537 -33.25 3.58882 29.35533 25.89058 4.62 24.09263 

979 135.86 50.80132 -32.34 3.58882 29.9126 28.48686 4.44 23.33833 

980 136.26 50.80564 -31.78 3.58882 29.05833 29.19292 4.33 22.46326 

982 137.21 50.81532 -32.96 3.58882 26.66477 29.31054 4.49 23.84745 

983 137.71 50.82041 -31.45 3.58882 
  

4.66 22.02887 

 

Table A8: Monte Carlo CO2 reconstruction for core 16/28-sb01 
Sample mid 

depth (m) 
Age (Ma) Temperature εf=25 PO4=0.4 εf=25 PO4=0.8 εf=25 PO4=0.4 εf=25 PO4=0.4 

    
Mean Standard 

deviation 
Mean Standard 

deviation 
Mean Standard 

deviation 
Mean Standard 

deviation 

208 41.01 44.64 
         

214 52.51 45.95342 18.40151 1936.903 971.6481 2680.453 2069.193 899.9908 484.0805 1185.053 629.3258 

217 87.91 49.24891 21.44807 3635.549 14882.48 5007.227 13419.75 1047.119 560.2774 1381.677 759.7874 

919 89.26 49.30374 24.62021 1089.846 355.4514 1463.842 468.4845 685.2706 349.4073 901.8462 456.2199 

213 96.31 49.6 29.46262 51384.84 599917.8 80892.98 502015.9 1858.193 1218.563 2475.417 1656.994 

932 96.81 49.62048 29.61044 1550.626 517.5177 2121.525 705.4147 918.8315 433.1591 1216.161 567.8333 

935 105.31 49.92894 29.98293 1911.953 646.5309 2594.957 874.878 1083.242 471.8377 1438.821 620.9696 

938 106.52 49.97285 29.12152 1038.834 218.3552 1412.025 289.7294 847.5198 308.1185 1118.225 400.243 

215 107.01 49.99064 29.16754 9550.088 96919.08 13253.57 196196.9 1693.2 792.6379 2233.642 1032.97 

943 109.21 50.12057 29.47508 3098.448 1988.423 4274.643 2807.091 1417.081 612.2149 1869.114 798.8432 

944 109.61 50.14639 29.65411 1075.431 220.5619 1473.389 295.9704 879.1548 309.3179 1157.383 402.0382 



231 
 

945 110.21 50.18513 29.4703 8474.356 160436.7 13305.28 246871.7 1755.59 771.1499 2316.733 1019.763 

949 111.91 50.25531 29.79452 1550.262 397.5679 2117.506 542.7342 1051.41 401.5368 1385.51 527.46 

218 117.21 50.43807 28.60664 2888.142 1818.192 3943.413 2362.064 1267.473 564.3223 1676.294 738.0387 

955 118.11 50.46047 28.58655 1615.306 529.586 2197.072 719.7551 957.0245 419.2941 1268.57 557.1143 

958 119.39 50.48963 26.32123 872.8271 210.7854 1186.109 277.7109 693.852 290.5026 914.1904 384.037 

959 119.81 50.4992 29.92716 12851.76 182193.1 15885.15 142545.6 1386.477 745.7322 1835.554 960.8078 

212 120.89 50.52381 28.44937 4873.45 26524.37 7030.492 61425.4 1170.402 628.7402 1544.857 813.9913 

962 122.71 50.56527 22.24512 2093.673 1317.467 2849.542 2479.071 973.8283 492.0116 1290.285 649.7011 

963 123.19 50.57621 29.49526 2236.896 1544.616 2996.937 1481.912 1031.374 516.518 1359.169 680.859 

967 124.82 50.61335 29.27917 1055.739 309.6234 1434.533 421.644 721.9636 346.3092 953.9734 454.8808 

216 125.21 50.62223 28.73627 6531.446 30989.38 19576.43 956477.9 1247.994 666.5461 1648.233 885.8712 

972 127.61 50.67691 24.76719 1386.895 502.1978 1874.979 661.0783 811.4196 407.6573 1071.863 529.9887 

973 128.01 50.68602 26.89406 1291.421 397.3972 1746.659 524.5202 829.848 391.5564 1101.963 517.5069 

975 128.91 50.70653 28.25831 1192.11 374.8097 1636.582 514.5788 767.2437 378.4124 1010.089 498.9012 

209 135.36 50.79537 29.28964 2796.379 9163.41 3615.718 3777.129 1126.98 549.423 1491.264 709.249 

979 135.86 50.80132 29.35533 1424.109 455.1393 1941.604 617.2071 867.6767 404.1107 1142.867 528.3037 

980 136.26 50.80564 29.9126 1345.136 406.7244 1846.852 554.6318 866.1404 399.3917 1146.321 523.4178 

982 137.21 50.81532 29.05833 4350.391 77621.81 5383.424 68511.69 1221.705 596.6151 1612.483 789.5187 

983 137.71 50.82041 26.66477 1176.257 307.84 1612.581 419.4989 842.4224 361.8866 1115.316 477.4599 

214* 52.51 45.95342 18.40151 943.5571 315.1796 1302.055 455.8185 590.7811 155.3598 782.5942 204.0584 

 

*Sample used BAYSPLINE temperature. All others used BAYSPAR.  

 

 


