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The tropics play a central role in global atmospheric moisture transport, however 

paleoclimate records of tropical precipitation are relatively scarce. Reconstructing pre-

instrumental hydrological change requires the use of indirect indicators of rainfall such as 

hydrogen isotope ratios (2H/1H) of phytoplankton lipids preserved in sediments. In this thesis, I 

examine mechanisms of 2H/1H fractionation in phytoplankton lipids, develop a modern spatial 

calibration of biomarker hydrogen isotope ratios with instrumental precipitation rates, and 

quantitatively reconstruct Late Holocene precipitation across the tropical South Pacific. The 

lipid-water 2H/1H fractionation response to salinity in nutrient-replete continuous cultures of the 

centric diatom Thalassiosira pseudonana decreased linearly as salinity increased by 1.3‰ ppt-1 

in fatty acids (C14:0, C16:0, C16:1) and by 1.0‰ ppt-1 in the sterol 24-methyl-cholesta-5,24(28)-

dien-3β-ol. A steady state flux balance model allowed further examination of the controls on 

lipid 2H/1H fractionation. The dinoflagellate biomarker dinosterol (4a, 23, 24-trimethyl-5a-

cholest-22E-en-3β-ol) purified from tropical South Pacific freshwater lake surface sediments was 

correlated with precipitation rates, yielding a sensitivity of -12.1±2.6 ‰ (mm d-1)-1. This 

empirical relationship, developed in the context of known controls on the isotopic composition of 

tropical precipitation, lake water, and algal lipid isotopes, provides a means of quantitatively 

reconstructing past precipitation. Sediment cores were collected from ten freshwater lakes on six 
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islands in the Solomon Islands, Vanuatu, Wallis, and Samoa. Down-core dinosterol 2H/1H 

measurements show wet Modern (1850-present) hydroclimate conditions and widespread dry 

conditions during the Little Ice Age (1450-1850) and Medieval Climate Anomaly (950-1250).  
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Chapter 1: Introduction 
 
 
 Spatial and temporal patterns of global rainfall regulate ecosystem structure, food 

security, and habitability. Modern instruments allow us to witness near real-time patterns of 

rainfall on a global scale. Observations together with sophisticated models help us dissect and 

forecast the weather, events, and climate that rule our world, and also detect human-caused 

disruptions (Power et al., 2017). However, our observational records are short which means that 

our ability to understand and predict future change in a warming world is limited.  

Piecing together Earth’s pre-instrumental story requires the use of indirect recorders of 

rainfall. Rain gauges, satellites, salinometers, and other instruments designed to detect hydrology 

are not the only objects that respond to the forces of nature. Nearly every aspect of Earth’s skin 

reacts to rain or drought. For instance, heavy rains mobilize and transport fine materials and 

intermittently deposit them in catchments; drought-caused changes to vegetation are locked into 

tree ring histories. Furthermore, the hydrogen and oxygen isotopic compositions of 

environmental waters are linked to their fluxes though the hydrologic cycle (Craig, 1961; Craig 

and Gordon, 1965; Dansgaard, 1964; Gat, 1996). Processes such as these leave behind clues 

preserved in the right settings, allowing us to indirectly reconstruct pre-instrumental 

precipitation.  

Despite the central role that tropical latitudes play in global climate (Chiang, 2009), 

reconstructions of past tropical precipitation are relatively scarce. Molecular paleohydrology 

from hydrogen isotope ratios of individual phytoplankton lipids preserved in sediments (Sachse 

et al., 2012), is a promising tool for reconstructing tropical hydrologic variability. This approach 

has been successfully applied to several timescales and locations (e.g. Atwood and Sachs, 2014; 

Leduc et al., 2013; Nelson and Sachs, 2016; Pahnke et al., 2007; Richey and Sachs, 2016; Sachs 
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et al., 2009; Smittenberg et al., 2011; van der Meer et al., 2008, 2007; Vasiliev et al., 2013; 

Zhang et al., 2014). My graduate work has focused on understanding, developing, and applying 

this tool to reconstruct the pre-instrumental precipitation in the tropical South Pacific.   

In the tropics, the isotopic composition of precipitation is primarily influenced by the 

“amount effect” where higher precipitation rates are correlated with 2H-depleted rain (Bony et 

al., 2008; Conroy et al., 2013; Dansgaard, 1964; Kurita et al., 2009; Risi et al., 2008). Changes in 

the hydrologic balance are reflected in lake water 2H/1H ratios and salinity. Hydrogen isotope 

ratios are expressed as δ2H (δ = [Rsample/RVSMOW] – 1, where R is 2H/1H and VSMOW is Vienna 

Standard Mean Ocean Water). Culture experiments with a variety of microalgae species have 

shown that δ2Hlipid is nearly perfectly correlated with δ2Hwater with R2 values in excess of 0.99 

(Englebrecht and Sachs, 2005; Zhang and Sachs, 2007). Therefore, well preserved algal lipids 

can provide a record of precipitation in sedimentary archives. Advances in gas chromatography-

isotope ratio mass spectrometry (Burgoyne and Hayes, 1998; Sessions et al., 1999) and high 

performance liquid chromatography (Atwood and Sachs, 2012; Nelson and Sachs, 2013; 

Smittenberg and Sachs, 2007), enable us to use compound specific lipid biomarkers as indicators 

of past hydrological changes. 

In Chapter 2 phytoplankton cultures and a mathematical model are used to investigate the 

cellular processes responsible for hydrogen isotope fractionation. The magnitude of 

phytoplankton lipid 2H/1H fractionation can be significantly influenced by several environmental 

parameters and physiological factors. This has implications for the proper interpretation of 

paleoclimate, prompting efforts to understand and characterize environmental impacts on lipid 

2H/1H fractionation. For instance, 2H/1H fractionation in algal lipids increases at higher growth 

rates (M’Boule et al., 2014; Sachs and Kawka, 2015; Schouten et al., 2006; Zhang et al., 2009), 
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growth stage influences 2H/1H fractionation such that fractionation is decreased during 

exponential growth compare to stationary phase (Chivall et al., 2014; Wolhowe et al., 2009), 

light impacts 2H/1H fractionation (Sachs et al., 2017; van der Meer et al., 2015; Wolhowe et al., 

2015), and temperature appears to influence 2H/1H fractionation (Estep and Hoering, 1980; 

Sachs, 2014; Stiller and Nissenbaum, 1980; Wolhowe et al., 2009; Zhang et al., 2009).  

Several studies have established that salinity can have a significant influence on apparent 

2H/1H fractionation in eukaryotic microalgae and cyanobacteria. Apparent fractionation in 

alkenones decreased ~3‰ per unit increase in salinity in E. huxleyi and G. oceanica batch 

cultures (Schouten et al., 2006). Apparent fractionation decreased ~0.7-1‰ per salinity unit 

increase in cyanobacteria lipids from several hypersaline ponds on Christmas Island (Sachse and 

Sachs, 2008), in the dinoflagellate lipid dinosterol along the Chesapeake Bay estuary (Sachs and 

Schwab, 2011), and in dinosterol and brassicasterol from a global survey of saline and 

hypersaline lakes (Nelson and Sachs, 2014). 2H/1H fractionation decreased ~1-2.6‰ per unit 

increase in salinity in alkenones from batch-cultured open ocean and coastal haptophytes in 

exponential phase (Chivall et al., 2014; M’Boule et al., 2014; Weiss et al., 2017), and by ~0.8-

1‰ in alkenones from batch-cultured coastal haptophytes in stationary and decline phases 

(Chivall et al., 2014) although the different species displayed different absolute fractionations. It 

has been proposed that this nearly universal trend may be due to lower growth rates at sub-

optimal salinity, less water transport across outer cell membranes, and/or increased production of 

small compatible solutes that might result in increased recycling of intracellular water to cause 

the intracellular water pool to become progressively enriched, a signal that is then passed onto 

lipids (Sachs and Schwab, 2011; Sachse and Sachs, 2008).  
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To investigate the mechanism responsible for the salinity fractionation effect, the 

estuarine diatom Thalassiosira pseudonana was continuously cultured in controlled conditions at 

different salinities. The lipid 2H/1H fractionation decreased by 1-1.3‰ per salinity unit increase. 

Maintaining the cultures at the same growth rate allowed us to rule out a previously proposed 

mechanism that suggested growth rate changes could indirectly cause decreased fractionation at 

increased salinity (Schwab and Sachs, 2011). The unique experimental design of this project 

justified the creation of a steady state model of hydrogen mass and isotope balances. The model 

provided evidence that increased equilibrium exchange or increased metabolic reduction of 

NADP+ to NADPH (instead of photosynthetically reduced NADPH) can cause the observed 

isotope fractionation in lipids. Chapter 2 confirmed that salinity has a significant influence on the 

fractionation of hydrogen isotopes in phytoplankton lipids, which is key information for the 

experimental design of the following chapters (which avoided field sites influenced greatly by 

salinity). Additionally, understanding the mechanisms responsible for variable fractionation 

gives us more confidence in the application of the lipid 2H/1H ratio proxy to paleoclimate 

reconstructions.  

In Chapter 3 lake sediments and water samples were collected from multiple freshwater 

lakes in the South Pacific Convergence Zone (SPCZ), the Southern Hemisphere’s largest 

precipitation feature (Vincent, 1994). Little is known about the SPCZ’s location and intensity of 

rainfall prior to instrumental records, hindering attempts to predict precipitation changes. This 

chapter characterizes δ2H values from rainwater, lake water, and the sedimentary dinoflagellate 

biomarker dinosterol (4a, 23, 24-trimethyl-5a-cholest-22E-en-3β-ol) from diverse lakes. 

Freshwater lake sediments and water samples were collected from lakes that spanned a 4.6 mm 

d-1 range in precipitation rates based on estimates from the Global Precipitation Climatology 
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Project (GPCP). d2Hlakewater values from 29 lakes ranged from -29 ‰ to 23 ‰ and were inversely 

correlated with precipitation rates, albeit with a steeper slope than the observed tropical Pacific 

“amount effect”, owing to evaporation of lake water.  

d2Hdinosterol values from core-top samples from 21 sites had a 69 ‰ range from -247 ‰ to 

-316 ‰ and were 2H-depleted compared to d2Hlakewater values. The correlation between 

d2Hdinosterol and d2Hlakewater [d2Hdinosterol = 1.9(±0.3)* d2Hlakewater -258(±5), R2=0.50, p<0.001, 

n=20] emphasizes that environmental water isotopes are the first order control on algal lipid 

isotopes. This is in agreement with numerous studies that show microorganism lipids track the 

isotopes of their environmental water in the lab (Dirghangi and Pagani, 2013a, 2013b; 

Englebrecht and Sachs, 2005; Osburn et al., 2016; Paul, 2002; X. Zhang et al., 2009; Zhang and 

Sachs, 2007) and field (Huang et al., 2004; Polissar and Freeman, 2010; Sachs and Schwab, 

2011; Sachse et al., 2012, 2004; Sauer et al., 2001; Schwab et al., 2015a; Schwab and Sachs, 

2011). d2Hdinosterol was significantly correlated with GPCP precipitation rates [d2Hdinosterol = -

12.1(±2.6)*P-211(±15), R2=0.59, p=0.0003, n=18]. This empirical relationship, developed in the 

context of known controls on the isotopic composition of tropical precipitation, lake water, and 

algal lipid isotopes, provides a tool for calculating pre-instrumental rainfall in the SPCZ from 

lake sediment records.  

Chapter 4 applies lipid biomarker hydrogen isotope molecular paleohydrology to well-

dated sediment cores from several sites in the SPCZ. Compound specific measurements of 

purified dinosterol from these cores reveals a dynamic history of pre-instrumental rainfall during 

the last 2000 years. A total of 14 sediment cores from 10 freshwater lakes on 6 islands in the 

Solomon Islands, Vanuatu, Wallis, and Samoa show wet Modern (1850-present) hydroclimate 

conditions and widespread dry conditions during the Little Ice Age (1450-1850) and Medieval 
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Climate Anomaly (950-1250). To ensure proper interpretation of paleoclimate, multiple lake 

sites were investigated in each region whenever possible. Additionally, physical properties such 

as magnetic susceptibility support our interpretations of precipitation variability. 

Changes in tropical precipitation in a warming climate will have profound implications 

for the global hydrologic balance and for societies that depend on rain to support subsistence 

lifestyles. Understanding how tropical precipitation changed in the past will help us understand 

the extent of natural variability and can inform hypothesis about past social and ecological 

change and assist with the validation of climate models for understanding past and future 

conditions.  
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Chapter 2: Exploring lipid 2H/1H fractionation mechanisms in response to salinity with 

continuous cultures of the diatom Thalassiosira pseudonana1 

 

Abstract 

The hydrogen isotopic (2H/1H) composition of lipids in microalgae is significantly depleted 

relative to extracellular water. While a variety of growth conditions influence the magnitude of 

2H-depletion, the effect of salinity is of particular interest due to the paleohydrological 

applications of lipid 2H/1H. In previous studies, lipid-water 2H/1H fractionation was shown to 

decrease as salinity increased, a response largely independent of lipid type, species, or setting. 

The mechanism responsible for this response remains uncertain, primarily because salinity is 

rarely isolated as the sole variable in laboratory cultivation experiments investigating hydrogen 

isotope systematics in microalgae. Here we report the lipid-water 2H/1H fractionation response to 

salinity in nutrient-replete continuous cultures of the centric diatom Thalassiosira pseudonana. 

In six cultures with the same growth rate at salinities between 14-40 ppt, lipid-water 2H/1H 

fractionation decreased linearly as salinity increased by 1.3‰/ppt in fatty acids (C14:0, C16:0, 

C16:1) and by 1.0‰/ppt in the sterol 24-methyl-cholesta-5,24(28)-dien-3β-ol. A constant growth 

rate between cultures reveals that the fractionation response to salinity is independent of growth 

rate. Sensitivity tests using a simple hydrogen flux model indicated that at high salinity a greater 

proportion of metabolic NAD(P)H in lipids at the expense of photosynthetic NADPH can cause 

2H-enrichment. Additionally, increased exudate release or decreased hydrogen transport can 

																																																								
1Previously published as: Maloney, A.E., Shinneman, A.L.C., Hemeon, K., Sachs, J.P., 2016. 

Exploring lipid 2H/1H fractionation mechanisms in response to salinity with continuous 
cultures of the diatom Thalassiosira pseudonana. Organic Geochemistry 101, 154–165. 
Reprinted with permission from Elsevier. 
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enrich both lipids and cell-water in 2H. The 1.0-1.3‰/ppt increase in lipid-water 2H/1H 

fractionation observed in T. pseudonana is within the 0.8-2‰/ppt range observed in field studies 

and culture studies, supporting the application of algal lipid 2H/1H as a paleosalinity proxy.  

 

Introduction 

The 2H/1H ratio of individual phytoplankton lipids preserved in sediments (Sachse et al., 

2012), is a promising tool for reconstructing past hydrologic variability (Atwood and Sachs, 

2014; Kasper et al., 2014; Leduc et al., 2013; Nelson and Sachs, 2016; Pahnke et al., 2007; 

Petrick et al., 2015; Richey and Sachs, 2016; Sachs et al., 2009; Simon et al., 2015; Smittenberg 

et al., 2011; van der Meer et al., 2008, 2007; Vasiliev et al., 2013; Zhang et al., 2014). 

Hydroclimate reconstructions rely on the link between the hydrogen isotopic composition of 

environmental waters and fluxes of water though the hydrologic cycle (Craig, 1961; Craig and 

Gordon, 1965; Dansgaard, 1964; Gat, 1996). Deuterium/protium (2H/1H) ratios of environmental 

samples are expressed as δ2Hsample (δ2Hsample = [(2H/1H)sample/(2H/1H)VSMOW] – 1) where VSMOW 

is Vienna Standard Mean Ocean Water. Molecular paleohydrology relies on the relationship 

between the δ2H of photosynthetically produced lipids and that of their environmental source 

water. Culture experiments with a variety of microalgae species have shown that δ2Hlipid is 

almost perfectly correlated with δ2Hwater with R2 values in excess of 0.99 (Englebrecht and Sachs, 

2005; Paul, 2002; Zhang and Sachs, 2007). 

Phytoplankton lipids do not directly record the actual isotopic composition of source 

water. The offset between δ2Hlipid and δ2Hwater, the lipid-water 2H/1H fractionation, represents the 

net isotopic effect of cellular processes associated with lipid biosynthesis. Fractionation is 

characterized by an apparent fractionation factor, alipid-water where alipid-water = 



	 20 

(2H/1H)lipid/(2H/1H)water = (δ2Hlipid + 1000)/(δ2Hwater + 1000). Most biosynthetic and all 

photosynthetic products appear to be 2H-depleted compared to ambient water resulting in alipid-

water < 1. Lipid-water 2H/1H fractionation factors can vary widely for different species of 

phytoplankton and different compounds (Sachse et al., 2012; Sessions et al., 1999; Zhang and 

Sachs, 2007), requiring the use of taxon-specific biomarkers. 

The magnitude of alipid-water for any particular phytoplankton lipid can also be 

significantly influenced by several environmental and physiological parameters. This has 

important implications for proper interpretations of paleoclimate from molecular archives, 

prompting recent efforts to understand and characterize factors that impact microorganism alipid-

water including growth rate (Schouten et al., 2006; Zhang et al., 2009; Sachs and Kawka, 2015), 

growth stage (Chivall et al., 2014; Heinzelmann et al., 2015a, 2015b, Wolhowe et al., 2015, 

2009), irradiance (van der Meer et al., 2015), temperature (Estep and Hoering, 1980; Stiller and 

Nissenbaum, 1980; Wolhowe et al., 2009; Zhang et al., 2009), metabolism (Zhang et al., 2009; 

Osburn et al., 2011; Dirghangi and Pagani, 2013a, 2013b; Dawson et al., 2015; Heinzelmann et 

al., 2015a, 2015b), and salinity (Chivall et al., 2014; Heinzelmann et al., 2015a; Kasper, 2015; 

M’Boule et al., 2014; Nelson and Sachs, 2014; Sachs et al., 2016; Sachs and Schwab, 2011; 

Sachse and Sachs, 2008; Schouten et al., 2006)  

Of particular concern for the application of molecular paleohydrology is the fact that 

increasing salinity can have a significant influence on alipid-water in eukaryotic microalgae and 

cyanobacteria. Apparent lipid-water 2H/1H fractionation in alkenones decreased (alipid-water 

increased) ~3‰/ppt in Emiliania huxleyi and Gephyrocapsa oceanica grown in batch cultures at 

different salinities (Schouten et al., 2006) (but also at different temperatures and growth rates as 

discussed in Zhang et al. (2009)). Apparent lipid-water 2H/1H fractionation decreased ~0.7-
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1‰/ppt in cyanobacteria lipids from several hypersaline ponds on Christmas Island (Sachse and 

Sachs, 2008), in the dinoflagellate lipid dinosterol along the Chesapeake Bay estuary (Sachs and 

Schwab, 2011), and in dinosterol and brassicasterol from a global survey of saline and 

hypersaline lakes (Nelson and Sachs, 2014). In alkenones from batch-cultured open-ocean 

haptophytes 2H/1H fractionation decreased ~1-2‰/ppt in exponential phase (Chivall et al., 2014; 

M’Boule et al., 2014), and ~0.8-1‰/ppt in stationary and decline phases of the coastal species 

(Chivall et al., 2014). C16:0 fatty acid from batch cultures in exponential, stationary, and decline 

phases all displayed decreasing 2H/1H fractionation of ~1.5‰/ppt (Heinzelmann et al., 2015a). 

2H/1H fractionation decreased ~1.2-2.2‰/ppt in nitrogen-limited chemostats of E. huxleyi 

maintained at the same growth rate (Sachs et al., 2016). It has been proposed that this nearly-

universal trend may be due to lower growth rates at sub-optimal salinity (Sachs and Schwab, 

2011; Sachse and Sachs, 2008), decreased water transport across the outer cell membranes 

(Heinzelmann et al., 2015a; Sachs et al., 2016; Sachs and Schwab, 2011; Sachse and Sachs, 

2008), increased production of small, compatible solutes (osmolytes) resulting in increased 

recycling of intracellular water and a progressively 2H-enriched cell water pool (Sachs and 

Schwab, 2011; Sachse and Sachs, 2008), or an increase in the exudation of 2H-depleted organic 

matter from cells at high salinity resulting in a 2H-enriched cell water pool (Sachs et al., 2016).  

In order to clarify the biochemical mechanisms responsible for the “salinity effect” we 

conducted nutrient-replete steady-state continuous culture experiments that had the same growth 

rate across a 26 ppt range of salinities with the diatom T. pseudonana to isolate the effect of 

salinity on 2H/1H fractionation in phytoplankton lipids. The diatom T. pseudonana was chosen 

because it is an extensively studied model organism (Armbrust et al., 2004) that can survive in a 

wide range of salinities (0-45 ppt). Continuous cultures are constant volume cultures that are 
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maintained indefinitely in exponential growth at a growth rate set by the media-supply rate. They 

provide an advantage over batch cultures (Bull, 2010) by allowing for reproducible, steady-state 

growth rates at several different salinities while maintaining constant temperature, light, nutrient, 

and chemical conditions. We present lipid-water 2H/1H fractionation values in three fatty acids 

and 24-methyl-cholesta-5,24(28)-dien-3β-ol (referred to as “sterol” for the remainder of the 

paper). This work complements a recent study using nitrogen-limited chemostats (Sachs et al., 

2016) by investigating the effect of salinity on alipid-water in nutrient-replete continuously cultured 

microalgae; both studies support the universality of a 1-2‰/ppt sensitivity of alipid-water to 

salinity. A simple model of hydrogen fluxes indicated that lipid-water 2H/1H fractionation is 

sensitive to (i) proportionally more lipid hydrogen derived from the 2H-enriched pool of 

metabolically reduced nicotinamide adenine dinucleotide phosphate (NADPH) or nicotinamide 

adenine dinucleotide (NADH) versus the 2H-depleted pool of photosynthetically reduced 

NADPH, (ii) increased incorporation of cell-water-hydrogen into organic material, (iii) 

decreased transport of water in and out of cells, (iv) and increased extracellular release of organic 

hydrogen.  

 

Methods 

Continuous cultures 

 The diatom T. pseudonana (CCMP 1335) was grown in continuous cultures at a range of 

salinities chosen to ensure that approximately identical growth rates could be maintained across 

treatments: 14, 18, 27, 31, 36, and 40 ppt. An additional culture was attempted at 9 ppt which 

had a lower growth rate. Continuous cultures were grown in 5 l of f/2 media made from mixing 

MilliQ water with Instant Ocean aquarium salts (Spectrum Brands, Middleton, WI) and adding 
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trace metals, vitamins, and macronutrients to achieve concentrations of 882 µM NO3
-, 36 µM 

PO4-3, and 106 µM Si(OH)4 (Guillard, 1975; Guillard and Ryther, 1962). Cultures were grown 

under 24-hr light (224 ± 54 µmol/m2 s) at 20 °C with an inflow/outflow rate 4.7-5.0 ml/min. 

Detailed culture parameters are provided in Table S1. Cultures were monitored via in vivo 

fluorescence (IVF) twice daily. Steady-state conditions (taken as IVF varying less than 15% of 

the mean of all measurements) were maintained for 2-4 days before twice-daily subsampling for 

chlorophyll a (Chl a) and dissolved nutrients for a further 2-3 days. Chl a and nutrient 

subsamples were analyzed according to standard methods (UNESCO 1994). Additional 1 ml 

subsamples were preserved with formalin for cell density, cell diameter, and cell volume 

analyses on a Beckman Coulter Z2 Particle Count and Size Analyzer (Beckman Coulter, 

Fullerton CA, USA). For details of the cell enumeration, see the Supplementary material 

(Section 1). Growth rates in divisions per day (div/d) were estimated using dilution rate (flow-

rate/volume) divided by ln(2) (Wood et al., 2005) and averaged over the 2-3 day steady-state 

sampling period. After 5-6 total days of steady-state growth, each entire culture was harvested 

onto a pre-combusted Whatman 142 mm diameter 0.7 µm pore size GF/F filter and immediately 

frozen at -20 °C.  

 

Water and lipid δ2H 

Samples for isotopic analysis of the culture media were taken at the start and end of each 

continuous culture. δ2Hwater was measured six times per sample (the first three measurements 

were discarded to avoid memory effects) on a Picarro L2130-i Isotopic Liquid Water Analyzer 

with A0211 High-Precision Vaporizer (Picarro, Inc., Santa Clara, CA) and normalized to 
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VSMOW using three in-house water standards with δ2H of -107.3 ± 0.5‰, -76.1 ± 0.3‰, and 

14.8 ± 1.0‰. The average precision of sample measurements was 0.19‰. 

Subsections of each frozen harvest filter were freeze-dried and cut into small pieces. 

Lipids were extracted by an Accelerated Solvent Extractor (ASE-200, Dionex Corp., Sunnyvale, 

CA, USA) using 9:1 dichloromethane:methanol (DCM:MeOH) at 1500 psi and 100 °C for three 

5 min cycles. Total lipid extracts (TLEs) were saponified with 1N KOH at 70 °C for 12 h 

followed by liquid-liquid extractions with hexane. Aliquots of the saponified TLEs were 

silylated by dissolving them in 20 µl of pyridine and 20 µl of 

bis(trimethylsilyl)trifluoroacetamide (BSTFA, Sigma-Aldrich, St. Louis, MO, USA) and heating 

at 60 °C for 1 h. Lipid abundances were determined via gas chromatography-flame ionization 

(GC-FID) and recovery corrected using nC36-alkane added to each sample prior to ASE 

extraction. Lipid identifications were made by comparing mass spectra generated by gas 

chromatography-mass spectrometry (GC-MS) to previously published mass spectra and 

laboratory standards (Zhang et al., 2009). GC-FID and GC-MS parameters were the same as in 

Sachs et al. (2016) and are provided in Table S5. 

 The remaining saponified TLEs were then purified using one-step column 

chromatography with a solid phase of 0.5 g aminopropyl gel (Supelco, Lot #2511301, Part # 5-

7205). The sterol-containing fraction was eluted first in 8 ml of 3:1 DCM:isopropyl alcohol, 

followed by the fatty acids in 6 ml 4% acetic acid in diethyl ether. The fatty acid containing 

fractions were methylated by dissolving samples in 1 ml hexane with 2 ml 10:1 MeOH:acetyl 

chloride and heating for 12 h at 60 °C, followed by recovery via liquid-liquid extraction into 

hexane. Phthalic acid of known isotopic composition (-95.5 ± 2.2‰, Dr. Arndt Schimmelmann, 

Indiana University) was methylated via the same method to determine the isotopic composition 
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of the methylating agent. Sterol-containing fractions were acetylated by dissolving in 20 µl of 

pyridine plus 20 µl of acetic anhydride of known hydrogen isotopic composition (-123.8 ± 8.2‰) 

and heating at 70 °C for 0.5 hours.  

Lipid δ2H values were measured via gas-chromatography isotope-ratio mass spectrometry 

(GC-IRMS) according to the settings in Sachs et al. (2016) and provided in Table S5. Injections 

of external isotopic standards spanning a range of retention times and isotopic compositions of 

known hydrogen isotopic composition (Table S5) were injected separately after every 3-6 

samples. Fatty acid and sterol data were evaluated and corrected using external standards as in 

Nelson and Sachs (2014b). Fatty acids were corrected for methylation and sterol for acetylation 

by mass balance calculations. The average δ2Hstandard precision of multiple injections for external 

and internal standards was 3.5‰. 

Table 1. Linear regression results of culture parameters on salinity. Slopes with P values less than 0.05 are in bold. 

Parameter R2 p level Slope Slope SE Intcpt Intcpt SE 

Cell Density (x105 cells/ml) 0.01 0.86 0.00 0.02 1.2 0.5 
Cell Diameter (µm) 0.54 0.09 0.02 0.01 3.0 0.2 
Cell Volume (µm3) 0.50 0.12 0.23 0.10 14 2 

in vivo flouresence (fsu) 0.60 0.07 5 2 117 54 
Chl a (pg/cell) 0.44 0.15 0.04 0.02 -0.1 0.5 

Fatty acid C16:0 (µg/cell) 0.21 0.37 0.2 0.2 0 6 
Fatty acid C16:1 (µg/cell) 0.27 0.29 0.3 0.2 -3 6 
Fatty acid C14:0 (µg/cell) 0.21 0.36 0.10 0.09 1 3 

Sterol (µg/cell) 0.47 0.13 0.02 0.01 -0.1 0.3 
Residual NO3

- (µM/cell) 0.11 0.52 8 11 359 1 
Residual PO4

-3 (µM/cell) 0.05 0.67 0.1 0.3 13 2 
Residual NO2

- (µM/cell) 0.02 0.80 0.02 0.09 3 1 
Residual NH4

+ (µM/cell) 0.00 0.97 0.00 0.04 0.2 0.2 
Residual Si(OH)4 (µM/cell) 0.82 0.01 -1.0 0.2 46 7 

αC16:0-media  0.95 <0.001 0.0013 0.0001 0.794 0.004 
αC16:1-media  0.86 <0.001 0.0012 0.0002 0.809 0.007 
αC14:0-media  0.99 <0.001 0.00125 0.00007 0.794 0.002 
αsterol-media  0.85 <0.001 0.001 0.0002 0.641 0.006 
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Results 

Continuous Cultures 

 None of the monitored culture parameters changed systematically with salinity except the 

siliceous acid remaining in the media after filtration (residual silica) (Table 1). Further details 

can be found in the Supplementary material (Sections 1 and 2). Continuous cultures at salinities 

14, 18, 27, 31, 36, and 40 ppt could be maintained within a narrow range of growth rates 

between 1.90 and 1.99 div/d with a 1.97 ± 0.03 div/d mean while the fresher culture at salinity 9 

ppt had a lower growth rate at 1.62 ± 0.03 div/d (Table 2). 

 

Table 2. Average growth rate, in vivo fluorescence (IVF), cell density, cell diameter, and cell volume during the last 2-3 
days of steady-state conditions. 

Salinity 
Growth rate  

(div/d) SD 
IVF 
(fsu) SD n 

Cell density 
(x105 

cells/ml) SD 

Cell 
diameter 

(µm) SD 

 Cell 
volume 
(µm3) SD n 

9* 1.62 0.03 121 9 5 0.8 0.2 3.2 0.1 18 2 4 
14 1.97 0.02 210 5 6 1.1 0.1 3.3 0.1 19 2 6 
18 1.99 0.02 195 13 7 1.0 0.1 3.3 0.1 18 2 6 
27 1.99 0.05 221 13 6 1.2 0.1 3.3 0.1 16 1 6 
31 1.97 0.01 255 10 7 1.6 0.3 3.4 0.1 22 2 7 
36 1.97 0.04 232 15 7 1.4 0.3 3.4 0.1 20 2 6 
40 1.90 0.05 352 24 5 0.6 0.2 3.9 0.2 25 5 5 

*Lower growth rate culture 
 

δ2H values of water and lipids 

Isotope measurements and lipid concentrations are reported in Table 3. Concentrations of 

myristic (C14:0), palmitic (C16:0), and palmitoleic (C16:1) fatty acids and the sterol were not 

linearly correlated with salinity (Table 1). The culture media that was sampled when the cells 

were harvested and had nearly constant δ2Hmedia across all cultures averaging -74.4 ± 2.3‰ (Fig. 

1). Two media samples taken at the start of steady-state conditions reveal that the isotopic 

composition of media during culture growth was constant with δ2Hmedia values of -75.6 ± 0.12‰ 

(31 ppt) and -73.6 ± 0.42‰ (36 ppt). All lipids were 2H-depleted compared to culture water, 



	 27 

δ2Hlipid values increased as salinity increased, and were well correlated with salinity with R2 

values between 0.84 and 0.98 (Fig. 1). Fatty acids were the least depleted lipids. δ2HC14:0 was 

between -248‰ and -218‰, a range of 30‰ with a mean of -234 ± 12‰. δ2HC16:1 was between -

234‰ and -206‰, a range of 29‰ with a mean of -221 ± 13‰. δ2HC16:0 was between -247‰ 

and -218‰, a range of 28‰ with a mean of -232 ± 1‰. δ2Hsterol values were more depleted than 

the fatty acids with a mean of -381± 11‰ and had a similar range (30‰) across the salinity 

treatments between -396‰ and -366‰. δ2Hlipid values for all compounds from the low growth-

rate 9 ppt culture were the most depleted samples and are included in Table 3 and Fig. 1. 

 

 
Fig. 1: Isotopic composition (δ2Hsample) as a function of salinity for culture media, fatty acids, 
and a sterol in T. pseudonana. Fatty acids included myristic (C14:0), palmitic (C16:0) and 
palmitoleic (C16:1) acids. The sterol was 24-methyl-cholesta-5,24(28)-dien-3β-ol. Lines are the 
linear regressions of δ2Hlipid on salinity for the 14-40 ppt cultures and do not include the 9 ppt 
culture which had a lower growth rate. The 9 ppt data fall below the fatty acid regression lines 
but on the sterol regression line. Error bars represent standard deviations of three δ2Hmedia 
measurements and 3-6 δ2Hlipid measurements.  

Fig. 4 illustrates how variations in each metabolic parameter
influence aLipids–Media. For individual metabolic parameter tests,
all other metabolic parameters are set to default values specified
in Supplementary Table S6 and Fig. 3. Changes in the PSI vs MET
Parameter (x) (Sachs and Kawka, 2015) altered the proportion of
Photosynthetic NADPH vs Metabolic NAD(P)H fluxes available for
synthesis of Lipids and Other Organics. To achieve a 0.03 increase

in aLipids–Media (the approximate range observed in our cultures),
(1 ! x) must increase from 0.5 (default) to 0.7 (Fig. 4a), meaning
Lipids received a larger flux of Metabolic NAD(P)H vs Photosyn-
thetic NADPH while Other Organics received a smaller flux of
Metabolic NAD(P)H vs Photosynthetic NADPH (Supplementary
Fig. S4). The Metabolic Reductant Parameter (M) determined the
size of several fluxes (essentially the rate of catabolism) and also

Fig. 1. Isotopic composition (d2Hsample) as a function of salinity for culture media, fatty acids, and a sterol in T. pseudonana. Fatty acids included myristic (C14:0), palmitic
(C16:0) and palmitoleic (C16:1) acids. The sterol was 24-methyl-cholesta-5,24(28)-dien-3b-ol. Lines are the linear regressions of d2Hlipid on salinity for the 14–40 ppt cultures
and do not include the 9 ppt culture which had a lower growth rate. The 9 ppt data fall below the fatty acid regression lines but on the sterol regression line. Error bars
represent standard deviations of three d2Hmedia measurements and 3–6 d2Hlipid measurements.

Fig. 2. Apparent fractionation factors, aLipid–Media, as a function of salinity for three fatty acids and one sterol from nutrient-replete continuous cultures of T. pseudonana.
Shown for comparison are fractionation factors for lipids from nitrogen-limited continuous cultures (chemostats) from the marine coccolithophorid E. huxleyi from Sachs
et al. (2016) including eight alkenones, three fatty acids, one sterol, and phytol. Three separate chemostat cultures were conducted at 32 ppt and two at 22 ppt salinity for E.
huxleyi. All values are averages of at least three measurements. Error bars represent propagated error for lipid and water measurements and are smaller than the symbols in
some cases. Solid lines are linear regressions of data, dotted lines indicate linear regressions that were not significant below the P = 0.05 level.
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Table 3. Lipid concentrations and δ2H values of media and lipids from continuous cultures of T. pseudonana. 
δ2Hmedia is the average of 3 measurements. αlipid-media = (1000 + δ2Hlipid)/(1000 + δ2Hmedia) is reported with 
propagated errors from δ2Hlipid and δ2Hmedia. 

Salinity (ppt) 9* 14 18 27 31 36 40 

Media δ2H -75.5 -74.5 -75.1 -74.7 -75.7 -74.0 -73.2 
SD 0.1 0.5 0.2 0.2 0.1 0.1 0.3 

C14:0 

[pg/cell] 2.4 1.9 2.6 5.1 1.8 1.7 6.8 
δ2H (‰) -272 -248 -247 -235 -232 -223 -218 

n 3 3 3 3 5 3 4 
SD (‰) 2 4 4 2 4 3 2 
α 0.788 0.813 0.814 0.827 0.831 0.839 0.844 

SD 0.002 0.005 0.004 0.002 0.005 0.003 0.003 

C16:0 

[pg/cell] 2.5 3 3.9 8.5 2.9 1 15.1 
δ2H (‰) -269 -247 -245 -237 -225 -218 -218 

n 3 3 3 3 6 3 4 
SD (‰) 3 4 3 3 4 2 1 
α 0.791 0.813 0.817 0.825 0.838 0.844 0.844 

SD 0.003 0.004 0.003 0.003 0.004 0.002 0.001 

C16:1 

[pg/cell] 1.7 1.9 2.9 5.5 1.9 0.9 14.3 
δ2H (‰) -255 -234 -236 -224 -213 -206 -211 

n 3 3 3 3 3 3 4 
SD (‰) 2 3 2 3 5 3 2 
α 0.806 0.828 0.826 0.839 0.851 0.858 0.851 

SD 0.002 0.003 0.002 0.003 0.006 0.003 0.002 

Sterol 

[pg/cell] 0.6 0.2 0.4 0.4 0.3 0.4 1 
δ2H (‰) -398 -396 -388 -384 -379 -366 -374 

n 1 6 3 4 5 3 4 
SD (‰) - 4 7 14 1 8 4 
α 0.652 0.653 0.662 0.666 0.672 0.684 0.676 

SD - 0.004 0.007 0.015 0.001 0.009 0.004 
*Lower growth rate culture 
 

 

       

  Fractionation factors increased, implying less 2H/1H fractionation, as salinity increased 

for all lipids (Table 3) and were highly correlated with salinity (R2 was between 0.85 and 0.99) 

(Fig. 2 and Table 1). aC14:0-media was between 0.813 and 0.844 with a 0.828 ± 0.013 mean, aC16:1-

media was between 0.826 and 0.858 with a 0.842 ± 0.013 mean, aC16:0-media was between 0.813 and 

0.844 with a 0.830 ± 0.014 mean, and asterol-media was between 0.653 and 0.684 with a 0.669 ± 

0.011 mean. Since the hydrogen isotope fractionation response to salinity was the primary 

objective of these experiments, the freshest continuous culture (9 ppt) with a lower growth rate 

was not included in the linear regression analyses. If the low growth-rate data were included the 

α-salinity relationship became more sensitive to salinity  
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Fig. 2: Apparent fractionation factors, alipid-media, as a function of salinity for three fatty acids and 
one sterol from nutrient-replete continuous cultures of T. pseudonana. Shown for comparison are 
fractionation factors for lipids from nitrogen-limited continuous cultures (chemostats) from the 
marine coccolithophorid E. huxleyi from Sachs et al. (2016) including eight alkenones, three 
fatty acids, one sterol, and phytol. Three separate chemostat cultures were conducted at 32 ppt 
and two at 22 ppt salinity for E. huxleyi. All values are averages of at least three measurements. 
Error bars represent propagated error for lipid and water measurements and are smaller than the 
symbols in some cases. Solid lines are linear regressions of data, dotted lines indicate linear 
regressions that were not significant below the P = 0.05 level. 
 
 
 
for αC14:0-media (0.0016±0.00012 instead of 0.0013±0.00007 ppt-1) while the other lipids remained 

within the error of the estimated slopes (Supplementary material Fig. S3). 

 
Model design and results 

Fig. 4 illustrates how variations in each metabolic parameter
influence aLipids–Media. For individual metabolic parameter tests,
all other metabolic parameters are set to default values specified
in Supplementary Table S6 and Fig. 3. Changes in the PSI vs MET
Parameter (x) (Sachs and Kawka, 2015) altered the proportion of
Photosynthetic NADPH vs Metabolic NAD(P)H fluxes available for
synthesis of Lipids and Other Organics. To achieve a 0.03 increase

in aLipids–Media (the approximate range observed in our cultures),
(1 ! x) must increase from 0.5 (default) to 0.7 (Fig. 4a), meaning
Lipids received a larger flux of Metabolic NAD(P)H vs Photosyn-
thetic NADPH while Other Organics received a smaller flux of
Metabolic NAD(P)H vs Photosynthetic NADPH (Supplementary
Fig. S4). The Metabolic Reductant Parameter (M) determined the
size of several fluxes (essentially the rate of catabolism) and also

Fig. 1. Isotopic composition (d2Hsample) as a function of salinity for culture media, fatty acids, and a sterol in T. pseudonana. Fatty acids included myristic (C14:0), palmitic
(C16:0) and palmitoleic (C16:1) acids. The sterol was 24-methyl-cholesta-5,24(28)-dien-3b-ol. Lines are the linear regressions of d2Hlipid on salinity for the 14–40 ppt cultures
and do not include the 9 ppt culture which had a lower growth rate. The 9 ppt data fall below the fatty acid regression lines but on the sterol regression line. Error bars
represent standard deviations of three d2Hmedia measurements and 3–6 d2Hlipid measurements.

Fig. 2. Apparent fractionation factors, aLipid–Media, as a function of salinity for three fatty acids and one sterol from nutrient-replete continuous cultures of T. pseudonana.
Shown for comparison are fractionation factors for lipids from nitrogen-limited continuous cultures (chemostats) from the marine coccolithophorid E. huxleyi from Sachs
et al. (2016) including eight alkenones, three fatty acids, one sterol, and phytol. Three separate chemostat cultures were conducted at 32 ppt and two at 22 ppt salinity for E.
huxleyi. All values are averages of at least three measurements. Error bars represent propagated error for lipid and water measurements and are smaller than the symbols in
some cases. Solid lines are linear regressions of data, dotted lines indicate linear regressions that were not significant below the P = 0.05 level.
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A coarse hydrogen flux model was used as a hypothesis development tool to test the 

sensitivity of aLipids-Media (capitalized to refer to model pools) to changes in hydrogen flux 

proportionality. The stationary model (Fig. 3) design included 6 boxes, 19 fluxes, the 

fractionation factor 0.4 associated with photosynthetic reduction of NADP+ to NADPH via 

ferredoxin-NADP+ reductase in photosystem 1 (PS1) (Luo et al., 1991; Schmidt et al., 2003), and 

an estimated fractionation factor 0.75 for the metabolic reduction of NAD(P)+ to NAD(P)H using 

carbon-bound hydrogen (Sachs and Kawka, 2015; Schmidt et al., 2003). Fractionations 

associated with other processes were ignored (a = 1) for most experiments both for simplicity 

and the fact that they are largely unknown (although some ranges of values were explored in the 

Supplementary material Fig. S6). The Cell Water pool, two organic hydrogen pools (Lipids and 

Other Organics), and two reductant pools (Photosynthetic NADPH and Metabolic NAD(P)H) 

had isotopic compositions determined by isotope mass balance equations (Supplementary 

material Section 3). The Media pool represented an infinite source of non-cellular hydrogen with 

constant d2HMedia = 0‰. This model incorporated the key principals from a previously published 

3-endmember model (Sachs et al., 2016; Sachs and Kawka, 2015). However, rather than 

prescribing endmember isotopic compositions, each hydrogen pool (except Media) was free to 

have variable isotopic compositions, which is important for testing the sensitivity of both Lipids 

and Cell Water. 

Each flux represented an important biosynthetic, catabolic, or non-biosynthetic process 

responsible for moving hydrogen (2H + 1H) between reservoirs. The sum of the  
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Fig. 3: Schematic for 6-box model of hydrogen mass and isotope fluxes in a population of 
phytoplankton cells. Fractionation factors associated with all fluxes are set to unity except for 
JWat_PS1 (αPSI = 0.4) and JOrg_MET (αMET = 0.75). 
 

fluxes into and out of each box was zero for the assumed steady-state conditions. Photosynthetic 

reduction of NADP+ to NADPH was set to an arbitrary constant value (JWat_PS1 = 1) and a range 

of values was evaluated for six testable metabolic parameters that characterize the fluxes (Table 

S6). Assumed relationships between these metabolic parameters, JWat_PS1, and other fluxes (Table 

S7) make it possible to explore the sensitivity of aLipids-Media without the need to constrain or 

measure any individual flux.  altered the proportion of Photosynthetic NADPH vs Metabolic NAD
(P)H fluxes for synthesis of Lipids and Other Organics. To achieve a
0.03 increase in aLipids–Media,Mmust increase from 1 (default) to 1.7
(Fig. 4b), meaning a larger flux of Metabolic NAD(P)H vs Photosyn-
thetic NADPH to Lipids and Other Organics (Supplementary
Fig. S4). The Biosynthetic Cell Water Parameter (B) determines
the proportion of Cell Water-hydrogen used for synthesis of Other
Organics (vs NAD(P)H) and the Equilibrium Exchange Parameter
(E) sets the amount of non-enzymatic equilibrium exchange
between Cell Water and Other Organics. Increasing the flux of Cell
Water-hydrogen to Other Organics by increasing B or E from 1

(default) to 4 for 2H-enriched Lipids is enough to result in a 0.03
increase in aLipids–Media (Fig. 4c). The Hydrogen Transfer Parameter
(HT) determines the flux sizes between Media and Cell Water.
Decreasing HT from 1 (default) to 0.1, which restricted the fluxes
between Media and Cell Water, resulted in a 0.03 increase in
aLipids–Media (Fig. 4d). Percent Extracellular Release (PER) prescribed
how much organic hydrogen was expelled from the cells. Increas-
ing PER by 25% resulted in a 0.03 increase in aLipids–Media. Decreas-
ing HT or increasing PER were the only ways to 2H-enrich Cell
Water in this model (Fig. 5), whereas changes in x, M, B, and E
resulted in Lipids that were 2H-enriched without appreciably

Fig. 3. Schematic for 6-box model of hydrogen mass and isotope fluxes in a population of phytoplankton cells. Fractionation factors associated with all fluxes are set to unity
except for JWat_PS1 (aPSI = 0.4) and JOrg_MET (aMET = 0.75).
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Fig. 4. Sensitivity of aLipids–Media to changes in metabolic parameters using default values where d2HMedia = 0‰. Lipid–Media 2H/1H fractionation decreases (i.e., aLipids–Media

approaches unity) as (a) (1 ! x) (the amount of hydrogen from metabolic NAD(P)H vs photosynthetic NADPH) increases, (b) M (size of the metabolic NAD(P)H flux relative to
PS1) increases, (c) B and E increase (where B is the amount of organic-hydrogen source from cell-water-hydrogen relative to total NAD(P)H, and E is the equilibrium exchange
between organic and cell-water-hydrogen), (d) HT (Hydrogen Transport) is less than photosynthesis and decreases, and (e) PER (Percent Extracellular Release) increases.
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Fig. 4: Sensitivity of aLipids-Media to changes in metabolic parameters using default values where 
δ2HMedia = 0‰. Lipid-Media 2H/1H fractionation decreases (i.e., aLipids-Media approaches unity) as 
(a) (1-x) (the amount of hydrogen from metabolic NAD(P)H vs. photosynthetic NADPH) 
increases, (b) M (size of the metabolic NAD(P)H flux relative to PS1) increases, (c) B and E 
increase (where B is the amount of organic-hydrogen source from cell-water-hydrogen relative to 
total NAD(P)H, and E is the equilibrium exchange between organic and cell-water-hydrogen), 
(d) HT (Hydrogen Transport) is less than photosynthesis and decreases, and (e) PER (Percent 
Extracellular Release) increases.  
 

Fig. 4 illustrates how variations in each metabolic parameter influence aLipids-Media. For 

individual metabolic parameter tests, all other metabolic parameters are set to default values 

specified in Table S6 and Fig. 3. Changes in the PSI vs. MET Parameter (x) (Sachs and Kawka, 

2015) altered the proportion of Photosynthetic NADPH versus Metabolic NAD(P)H fluxes 

available for synthesis of Lipids and Other Organics. To achieve a 0.03 increase in aLipids-Media 

(the approximate range observed in our cultures), (1-x) must increase from 0.5 (default) to 0.7 

(Fig. 4a), meaning Lipids received a larger flux of Metabolic NAD(P)H vs. Photosynthetic 

NADPH while Other Organics received a smaller flux of Metabolic NAD(P)H vs. 

Photosynthetic NADPH (Fig. S4). The Metabolic Reductant Parameter (M) determined the size 

of several fluxes (essentially the rate of catabolism) and also altered the proportion of 

Photosynthetic NADPH versus Metabolic NAD(P)H fluxes for synthesis of Lipids and Other 

Organics. To achieve a 0.03 increase in aLipids-Media, M must increase from 1 (default) to 1.7 (Fig. 

altered the proportion of Photosynthetic NADPH vs Metabolic NAD
(P)H fluxes for synthesis of Lipids and Other Organics. To achieve a
0.03 increase in aLipids–Media,Mmust increase from 1 (default) to 1.7
(Fig. 4b), meaning a larger flux of Metabolic NAD(P)H vs Photosyn-
thetic NADPH to Lipids and Other Organics (Supplementary
Fig. S4). The Biosynthetic Cell Water Parameter (B) determines
the proportion of Cell Water-hydrogen used for synthesis of Other
Organics (vs NAD(P)H) and the Equilibrium Exchange Parameter
(E) sets the amount of non-enzymatic equilibrium exchange
between Cell Water and Other Organics. Increasing the flux of Cell
Water-hydrogen to Other Organics by increasing B or E from 1

(default) to 4 for 2H-enriched Lipids is enough to result in a 0.03
increase in aLipids–Media (Fig. 4c). The Hydrogen Transfer Parameter
(HT) determines the flux sizes between Media and Cell Water.
Decreasing HT from 1 (default) to 0.1, which restricted the fluxes
between Media and Cell Water, resulted in a 0.03 increase in
aLipids–Media (Fig. 4d). Percent Extracellular Release (PER) prescribed
how much organic hydrogen was expelled from the cells. Increas-
ing PER by 25% resulted in a 0.03 increase in aLipids–Media. Decreas-
ing HT or increasing PER were the only ways to 2H-enrich Cell
Water in this model (Fig. 5), whereas changes in x, M, B, and E
resulted in Lipids that were 2H-enriched without appreciably

Fig. 3. Schematic for 6-box model of hydrogen mass and isotope fluxes in a population of phytoplankton cells. Fractionation factors associated with all fluxes are set to unity
except for JWat_PS1 (aPSI = 0.4) and JOrg_MET (aMET = 0.75).
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Fig. 4. Sensitivity of aLipids–Media to changes in metabolic parameters using default values where d2HMedia = 0‰. Lipid–Media 2H/1H fractionation decreases (i.e., aLipids–Media

approaches unity) as (a) (1 ! x) (the amount of hydrogen from metabolic NAD(P)H vs photosynthetic NADPH) increases, (b) M (size of the metabolic NAD(P)H flux relative to
PS1) increases, (c) B and E increase (where B is the amount of organic-hydrogen source from cell-water-hydrogen relative to total NAD(P)H, and E is the equilibrium exchange
between organic and cell-water-hydrogen), (d) HT (Hydrogen Transport) is less than photosynthesis and decreases, and (e) PER (Percent Extracellular Release) increases.
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4b), meaning a larger flux of Metabolic NAD(P)H vs. Photosynthetic NADPH to Lipids and 

Other Organics (Fig. S4). The Biosynthetic Cell Water Parameter (B) determined the proportion 

of Cell Water-hydrogen used for synthesis of Other Organics (versus NAD(P)H) and the 

Equilibrium Exchange Parameter (E) set the amount of non-enzymatic equilibrium exchange 

between Cell Water and Other Organics. Increasing the flux of Cell Water-hydrogen to Other 

Organics by increasing B or E from 1 (default) to 4 2H-enriched Lipids enough to result in a 0.03 

increase in aLipids-Media (Fig. 4c). The Hydrogen Transfer Parameter (HT) determined the flux 

sizes between Media and Cell Water. Decreasing HT from 1 (default) to 0.1, which restricted the 

fluxes between Media and Cell Water, resulted in a 0.03 increase in aLipids-Media (Fig. 4d). Percent 

Extracellular Release (PER) prescribed how much organic hydrogen was expelled from the cells. 

Increasing PER by 25% resulted in a 0.03 increase in aLipids-Media. Decreasing HT or increasing 

PER were the only ways to 2H-enrich Cell Water in this model (Fig. 5), whereas changes in x, M, 

B, and E resulted in Lipids that were 2H-enriched without appreciably changing the isotopic 

composition of Cell Water (Fig. S5). 

 

Fig. 5: Sensitivity of δ2HResevoir to changes in metabolic parameters using default values and 
δ2HMedia = 0‰. All non-media boxes become 2H-enriched as (a) HT (Hydrogen Transport) 
decreases and (b) PER (Percent Extracellular Release) increases. changing the isotopic composition of Cell Water (Supplementary

Fig. S5).

5. Discussion

Continuous cultures of T. pseudonana provide unequivocal evi-
dence that 2H/1H fractionation decreases in lipids as salinity
increases (Fig. 2). The 1.0–1.3‰/ppt salinity dependence observed
in fatty acids and the predominant sterol in this species is similar
to the sensitivity reported in field and batch culture studies with
other species and lipids (Sachse and Sachs, 2008; Sachs and
Schwab, 2011; M’Boule et al., 2014; Heinzelmann et al., 2015a;
Sachs et al., 2016). Since the cultures were grown under steady
state conditions and at the same rate of growth across salinity
treatments we can rule out the hypothesis put forth by Sachs
and Schwab (2011) that the 2H/1H fractionation response in
microalgal lipids is indirectly caused by salinity-induced changes
in growth rate. This is further supported by a recent study of the
coccolithophorid E. huxleyi maintained at the same growth rate
using nitrogen-limited chemostats at a range of salinities (Sachs
et al., 2016).

A six-box model was constructed to investigate the sensitivity
of aLipids–Media to changes in basic cell physiology and metabolism.
Several mechanisms emerge to explain salinity-induced variations
in aLipids–Media as discussed below.

5.1. Varying proportions of reductant from Metabolic NAD(P)H vs
Photosynthetic NADPH (x and M)

Photosynthetically produced NADPH is estimated to be !600‰
depleted in 2H relative to intracellular water (Luo et al., 1991;
Schmidt et al., 2003) owing to the fact that electrolysis of water
is associated with a large isotope effect. Reductant from other
(metabolic) sources is expected to be less 2H-depleted (Schmidt
et al., 2003). Metabolic NAD(P)H can be generated in microalgae
by NADP+-reducing enzymes that participate in the oxidative pen-
tose phosphate (OPP) pathway including glucose-6-phosphate
dehydrogenase (G6PDH) and 6-phosphogluconate dehydrogenase.
In diatoms the OPP pathway is restricted to the cytosol (Wilhelm
et al., 2006; Kroth et al., 2008; Gruber et al., 2009; Michels et al.,
2014), but NAD(P)H can be generated by glycolytic enzymes in
all cellular compartments (Smith et al., 2012) and the Entner-
Doudoroff pathway in the mitochondria (Fabris et al., 2012). Addi-
tionally, NAD(P)H can be generated by isocitrate dehydrogenase
and malate dehydrogenase in the TCA cycle, aldehyde dehydroge-
nase, pyruvate dehydrogenase, NAD(P)H-malic enzyme (Granum
et al., 2005; Kroth et al., 2008), the membrane bound NADH-
NADPH converting enzyme transhydrogenase, and other NAD+

and NADP+ reducing catabolic reactions (reviewed in Pollak et al.,
2007; Spaans et al., 2015). Folate metabolism (Fan et al., 2014)

may also contribute to metabolic NAD(P)H in diatoms (Hyde
et al., 2008).

Separate pools of NAD(P)H with different isotopic compositions
have been invoked to explain variable lipid–water 2H/1H fraction-
ation in: (i) microorganisms with heterotrophic, photoautotrophic,
and chemoautotrophic metabolisms (Z. Zhang et al., 2009; Osburn
et al., 2011; Dirghangi and Pagani, 2013a, 2013b; Dawson et al.,
2015; Heinzelmann et al., 2015b), (ii) carbon-autonomous plant
organs such as leaves (Gamarra and Kahmen, 2015), (iii) phyto-
plankton cells growing at different rates (Sachs and Kawka,
2015), and recently in (iv) the haptophyte E. huxleyi grown at the
same growth rate across a wide range of salinities (Sachs et al.,
2016). We build on this line of reasoning and propose that similar
mechanisms may play a role at high salinity in diatoms and other
microalgae by: (i) increasing the flux of Metabolic NAD(P)H (vs
Photosynthetic NADPH) to Lipids while increasing the flux of Pho-
tosynthetic NADPH (vs Metabolic NAD(P)H) to Other Organics
(increasing (1 " x) in the model), or (ii) increasing the flux of
hydrogen from Other Organics to Metabolic NAD(P)H and thereby
increasing the flux of Metabolic NAD(P)H (vs Photosynthetic
NADPH) to Lipids and Other Organics (increasing M in the model)
(Supplementary Fig. S4).

In microalgae adjusting to salinity, changes in M or x might fol-
low from physiological responses required to maintain osmotic
and/or energy balances. Osmotic balance in microalgae is achieved
by the synthesis and accumulation of small organic molecules
(osmolytes) which behave as non-toxic compatible solutes to help
maintain vital cellular functions (Brown, 1978; Kirst, 1989;
Galinski, 1995). Non-lipid biochemical constituents were not mea-
sured in these cultures so the hypothesis that increased production
of osmolytes (and therefore a potential shift in biochemical com-
position) may ‘‘shuttle” light hydrogen to the osmolyte pool leav-
ing intracellular water, NADPH, and lipids more enriched cannot
be ruled out (Sachs and Schwab, 2011). This process was mimicked
in the 6-box model by increasing the parameter (1 " x) which
caused the proportion of Lipid-hydrogen derived from Metabolic
NAD(P)H and Other-Organic-hydrogen derived from Photosyn-
thetic NADPH to increase. Increasing (1 " x) in the 6-box model
is analogous to increasing (1 " x) in the 3-endmember model
(Sachs and Kawka, 2015; Sachs et al., 2016) and has the same
result, except that the Other Organics pool adds demand for NAD
(P)H flux and all cellular pools of hydrogen are free to have variable
isotopic compositions in the former. This analysis does not increase
the total flux of reductant used in cells; it merely switches the rel-
ative proportion of 2H-depleted reductant flux to Lipids vs Other
Organics. The result is a decrease in Lipid–Media 2H/1H fractiona-
tion (increase in aLipid–Media) (Fig. 3a) with a concomitant increase
in Organic–Media 2H/1H fractionation (decrease in aOrganics–Media)
(Supplementary Fig. S5a) and could happen if osmolytes use a
greater proportion of 2H-depleted photosynthetic NADPH com-

Fig. 5. Sensitivity of d2HResevoir to changes in metabolic parameters using default values and d2HMedia = 0‰. All non-media boxes become 2H-enriched as (a) HT (Hydrogen
Transport) decreases and (b) PER (Percent Extracellular Release) increases.
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Discussion 

Continuous cultures of T. pseudonana provide unequivocal evidence that 2H/1H 

fractionation decreases in lipids as salinity increases (Fig. 2). The 1.0-1.3‰/ppt salinity 

dependence observed in fatty acids and the predominant sterol in this species is similar to the 

sensitivity reported in field and batch culture studies with other species and lipids (Heinzelmann 

et al., 2015a; M’Boule et al., 2014; Sachs et al., 2016; Sachs and Schwab, 2011; Sachse and 

Sachs, 2008). Since the cultures were grown under steady-state conditions and at the same rate of 

growth across salinity treatments we can rule out the hypothesis put forth by Sachs & Schwab 

(2011) that the 2H/1H fractionation response in microalgal lipids is indirectly caused by salinity-

induced changes in growth rate. This is further supported by a recent study of the 

coccolithophorid E. huxleyi maintained at the same growth rate using nitrogen-limited 

chemostats at a range of salinities (Sachs et al., 2016).  

A six-box model was constructed to investigate the sensitivity of aLipids-Media to changes in 

basic cell physiology and metabolism. Several mechanisms emerge to explain salinity-induced 

variations in aLipids-Media as discussed below.  

 

Varying proportions of reductant from Metabolic NAD(P)H versus Photosynthetic NADPH (x 

and M) 

Photosynthetically produced NADPH is estimated to be ~600‰ depleted in 2H relative to 

intracellular water (Luo et al., 1991; Schmidt et al., 2003) owing to the fact that electrolysis of 

water is associated with a large isotope effect. Reductant from other (metabolic) sources is 

expected to be less 2H-depleted (Schmidt et al., 2003). Metabolic NAD(P)H can be generated in 

microalgae by NADP+-reducing enzymes that participate in the oxidative pentose phosphate 
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(OPP) pathway including glucose-6-phosphate dehydrogenase (G6PDH) and 6-

phosphogluconate dehydrogenase. In diatoms the OPP pathway is restricted to the cytosol 

(Gruber et al., 2009; Kroth et al., 2008; Michels et al., 2014; Wilhelm et al., 2006) but NAD(P)H 

can be generated by glycolytic enzymes in all cellular compartments (Smith et al., 2012) and the 

Entner-Doudoroff pathway in the mitochondria (Fabris et al., 2012). Additionally, NAD(P)H can 

be generated by isocitrate dehydrogenase and malate dehydrogenase in the TCA cycle, aldehyde 

dehydrogenase, pyruvate dehydrogenase, NAD(P)H-malic enzyme (Granum et al., 2005; Kroth 

et al., 2008), the membrane bound NADH-NADPH converting enzyme transhydrogenase, and 

other NAD+ and NADP+ reducing catabolic reactions (reviewed in Pollak et al., 2007; Spaans et 

al., 2015). Folate metabolism (Fan et al., 2014) may also contribute to metabolic NAD(P)H in 

diatoms (Hyde et al., 2008) 

Separate pools of NAD(P)H with different isotopic compositions have been invoked to 

explain variable lipid-water 2H/1H fractionation in (i) microorganisms with heterotrophic, 

photoautotrophic, and chemoautrophic metabolisms (Zhang et al., 2009; Osburn et al., 2011; 

Dirghangi and Pagani, 2013a, 2013b; Dawson et al., 2015; Heinzelmann et al., 2015b), (ii) 

carbon-autonomous plant organs such as leaves (Gamarra and Kahmen, 2015), (iii) 

phytoplankton cells growing at different rates (Sachs and Kawka, 2015), and recently in (iv) the 

haptophyte Emiliania huxleyi grown at the same growth rate across a wide range of salinities 

(Sachs et al., 2016). We build on this line of reasoning and propose that similar mechanisms may 

play a role at high salinity in diatoms and other microalgae by (i) increasing the flux of 

Metabolic NAD(P)H (versus Photosynthetic NADPH) to Lipids while increasing the flux of 

Photosynthetic NADPH (versus Metabolic NAD(P)H) to Other Organics (increasing (1-x) in the 

model), or (ii) increasing the flux of hydrogen from Other Organics to Metabolic NAD(P)H and 
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thereby increasing the flux of Metabolic NAD(P)H (versus Photosynthetic NADPH) to Lipids 

and Other Organics (increasing M in the model) (Fig. S4).  

In microalgae adjusting to salinity, changes in M or x might follow from physiological 

responses required to maintain osmotic and/or energy balances. Osmotic balance in microalge is 

achieved by the synthesis and accumulation of small organic molecules (osmolytes) which 

behave as non-toxic compatible solutes to help maintain vital cellular functions (Brown, 1978; 

Galinski, 1995; Kirst, 1989). Non-lipid biochemical constituents were not measured in these 

cultures so the hypothesis that increased production of osmolytes (and therefore a potential shift 

in biochemical composition) may “shuttle” light hydrogen to the osmolyte pool leaving 

intracellular water, NADPH, and lipids more enriched cannot be ruled out (Sachs and Schwab, 

2011). This process was mimicked in the 6-box model by increasing the parameter (1-x) which 

caused the proportion of Lipid-hydrogen derived from Metabolic NAD(P)H and Other-Organic-

hydrogen derived from Photosynthetic NADPH to increase. Increasing (1-x) in the 6-box model 

is analogous to increasing (1-x) in the 3-endmember model (Sachs et al., 2016; Sachs and 

Kawka, 2015) and has the same result, except that the Other Organics pool adds demand for 

NAD(P)H flux and all cellular pools of hydrogen are free to have variable isotopic compositions 

in the former. This analysis does not increase the total flux of reductant used in cells; it merely 

switches the relative proportion of 2H-depleted reductant flux to Lipids vs. Other Organics. The 

result is a decrease in Lipid-Media 2H/1H fractionation (increase in aLipid-Media) (Fig. 4a) with a 

concomitant increase in Organic-Media 2H/1H fractionation (decrease in aOrganics-Media) (Fig. S5a) 

and could happen if osmolytes use a greater proportion of 2H-depleted photosynthetic NADPH 

compared to lipids. Under high salt conditions osmolyte production required for cell survival 

might occur at the expense of lipid production, leaving lipids more 2H-enriched. Increasing (1-x) 
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caused aLipid-Media to approach unity (Fig. 4a) but did not appreciably enrich NAD(P)H or 

intracellular water in 2H as Sachs and Schwab (2011) hypothesized (Fig. S5). Therefore while 

our model supports their mechanism, it is perhaps more nuanced than originally proposed. 

Alternatively, a similar result was accomplished by increasing M in the 6-box model. 

This sensitivity test is somewhat analogous to increasing (1-x) in the 3-endmember model (Sachs 

et al., 2016; Sachs and Kawka, 2015) except the 6-box model more realistically incorporates a 

source for metabolic NAD(P)H. When the flux of hydrogen from Other Organics to Metabolic 

NAD(P)H increased, the flux of Metabolic NAD(P)H to both Lipids and Other Organics also 

increased and aLipid-Media approached unity (Fig. 4b). This model analysis increased the total flux 

of reductant derived from metabolic NAD(P)H while the photosynthetic flux remained 

unchanged. Physically this might occur if cells have a greater demand for reducing power at high 

salinities. Importantly, previous investigations of protein activity and transcript abundance 

suggest that reduction of Metabolic NAD(P)H increases with salinity. For instance, increased 

expression levels of OPP enzymes have been observed in diatoms grown at high salinity (Cheng 

et al., 2014). Bacterial cells (Danevčič and Stopar, 2011), macroalgae (Huan et al., 2014), and 

cyanobacteria (Rai et al., 2014, 2013b) grown at high salinity showed increased OPP enzyme 

activity. Several higher plant studies imply that increased OPP activity or protein abundance 

occur in response to salinity changes (Gao et al., 2016; Huang et al., 2003; Nemoto and 

Sasakuma, 2000; Wang et al., 2008; Yang et al., 2014; Yu et al., 2011). In high salt conditions, 

NAD(P)+ reducing proteins such as pyruvate dehydrogenase, malate dehydrogenase, and OPP 

enzymes were up-regulated in the halotolerant green alga Dunaliella (Liska, 2004). All of these 

studies indicate that phototrophs may require more reducing power at high salinities. Since 

growth performance was either different of not reported in salt treatments, it is not immediately 
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clear if the observed enzyme activities and transcript abundances are a direct response to salt or 

an indirect response to growth, highlighting the importance of continuous culture experiments. 

If high salinity conditions result in either (i) 2H-enriched NAD(P)H available for lipid 

synthesis when photosynthetically produced NADPH is preferentially shuttled to osmolytes, or 

(ii) overall more metabolically produced NAD(P)H flooding the reductant pool, then lipids 

should become 2H-enriched. Indeed, heterotrophic bacteria and archaea don’t have access to 

pools of photosynthetic NADPH and don’t display d2H-enrichement at high salinity (Dirghangi 

and Pagani, 2013a; Heinzelmann et al., 2015a). If more metabolic NAD(P)H is used by 

photoautotrophs during lipid synthesis at high salinities, this could explain why salinity-

dependent 2H/1H fractionation is observed in photoautotrophs but not heterotrophs. Increasing 

the flux of Metabolic NAD(P)H to just Lipids (1-x), or increasing the flux of metabolic 

NAD(P)H to both Lipids and Other Organics (M) are mechanisms that are likely to be directly 

linked to increased production of compatible solutes and/or energy balance, and as such are the 

most likely explanations for decreased 2H/1H fractionation at increased salinity.  

 

Varying proportions of hydrogen from intracellular water (B and E) 

NMR studies indicate acetogenic lipids derive about 50% of their hydrogen from 

NAD(P)H, 25% from intracellular water, and 25% from acetyl-CoA (Saito et al., 1980; Robins et 

al., 2003; Schmidt et al., 2003; Zhang et al., 2009). Isoprenoid lipids derive ~20-40% of their 

hydrogen from NADPH and the remainder from either acetyl-CoA when synthesized via the 

cytosolic MVA pathway, or pyruvate and glyceraldehyde-3-phosphate (GAP) when synthesized 

via the plastidic DOXP/MEP pathway (Sessions et al., 2002). Pyruvate, acetyl-CoA, and GAP 

are central metabolites under high demand by several competing cellular functions such as 
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carbohydrate, lipid, protein, and nucleic acid synthesis and catabolism (Hemmerlin et al., 2012; 

Oliver et al., 2009). One way salinity might influence the proportion of cell-water-derived 

hydrogen in biochemicals is by increasing the likelihood that carbon-bound hydrogen on the 

primary metabolite precursors pyruvate, acetyl-CoA, and GAP is derived from cell-water. For 

example, shifting demands on the primary metabolite pools could change the relative importance 

of different pyruvate synthesis pathways that impart different proportions of hydrogen derived 

from water versus metabolites on the lipid-destined methyl group (see Fig. 6 in Sachs et al., 

2016), effectively changing the metabolic parameter B.   

Additionally, hydrogen in pyruvate precursors can exchange with intracellular water 

through the presence or activity of isomerases at the glucose level (Katz and Crespi, 1970). The 

enzyme glucose-6 phosphate isomerase (which converts glucose-6-phosphate to fructose-6-

phosphate and back) can facilitate both intramolecular and intermolecular exchange of hydrogen 

between the sugar and the aqueous solvent. Investigation of this enzyme in different cell types 

has revealed heterogeneity in the amount of back and forth conversion of sugars and suggests 

that environmental parameters can influence this exchange (Malaisse-Lagae et al., 1989). At high 

salinity, glucose-6 phosphate isomerase from Dunaliella salina was strongly induced by salinity 

at both the protein and gene level (Cui et al., 2010). Any associated fractionation effects aside 

(Fig. S6), it is plausible that salinity could increase the proportion of 2H-enriched cell-water-

derived hydrogen in lipid precursors, and by extension, lipids (akin to increasing the model 

metabolic parameter B) by altering the relative or absolute presence or activity of these enzymes. 

Relatedly, preferences for specific lipid biosynthesis isoenzymes may modify the amount 

of cell-water-hydrogen in lipids (akin to increasing the model metabolic parameter E). There are 

numerous fatty acid synthesis isoenzymes responsible for incorporating hydrogen during lipid 
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synthesis. For instance, Zhang et al. (2009) noted that there are many variants of enoyl-ACP 

reductase enzymes involved in the second reductive step of fatty acid biosynthesis (Massengo-

Tiassé and Cronan, 2009). The enzymes FabI and FabL directly transfer hydrogen from 

NAD(P)H to the growing fatty acid chain, but FabK involves the indirect transfer of H- via a 

nitrogen-bound hydrogen on the flavin cofactor. Since N-bound hydrogen undergoes rapid 

exchange with water, flavoproteins that transfer hydrogen to organic material can indirectly 

enrich products in 2H (Chisla and Massey, 1989; Schmidt et al., 2003; Simon and Kraus, 1976). 

For fatty acids at least, enhancement of FabK over FabI or FabL could incorporate more cell-

water-hydrogen into lipids. While it is not yet known if FabK occurs in eukaryotic microalgae, or 

if salinity can induce a shift in Fab isoenzymes, the presence of the gene encoding for FabK was 

inferred from the transcriptome of the diatom Nitzschia sp. (see Table 1 in Cheng et al., 2014)). 

Since these enzymes are not involved in isoprenoid synthesis, an analogous process would need 

to be invoked to explain the similar salinity response of sterol δ2H values to salinity in diatoms.  

Finally, osmolytes in phytoplankton are typically small organic molecules with a large 

proportion of exchangeable hydrogen, such as amino acids and derivatives, polyols and sugars, 

methylamines, methylsulfonium compounds, and urea (Yancey, 2005). Sachs and Schwab 

(2011) proposed that osmolyte production might result in 2H-enriched pools of cell water and 

NAD(P)H. If a normal fractionation factor (i.e., one that results in a product that is isotopically 

depleted compared to the reactant) characterizes the enzymatic or equilibrium exchange of 

hydrogen from Cell Water to Other Organics, the model yields 2H-enriched lipids (Fig. S6). 

These mechanisms for incorporating additional cell-water-hydrogen into lipids (B and E) are less 

direct (and therefore more difficult to test) than changes in NAD(P)H related to x or M but 

cannot be ruled out. 
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Variations in Hydrogen Transport (HT): 

Both d2HOtherOrganics and d2HCellWater become more 2H-enriched as HT approaches zero, 

likely the result of recycling of intracellular water without full replenishment from the media 

(Fig. 4). One widely proposed mechanism for decreased fractionation at elevated salinity is 

“increased recycling” of cell water resulting from diminished transport of environmental water 

into cells (Heinzelmann et al., 2015a; Sachs et al., 2016; Sachs and Schwab, 2011; Sachse and 

Sachs, 2008). Investigations of intracellular water from both prokaryotic and mammalian cells 

(Kreuzer-Martin et al., 2006, 2005; Kreuzer et al., 2012) indicate that the isotopic composition of 

cell-water-hydrogen and oxygen can differ from that of growth media. Since the permeability of 

the lipid bilayer is high and the residence time of water inside a cell is short (Garcı́a-Martı́n et al., 

2001) decreasing transport of environmental water across the cell membrane might be achieved 

by transcriptional down-regulation of aquaporins or adjustment of the probability that aquaporins 

are open (Boursiac et al., 2005; Hasegawa et al., 2000; Horie et al., 2011). The model indicates 

that a hydrogen flux across the cell membrane that is smaller than the photosynthetic flux of 

hydrogen increases aLipid-Media and causes intracellular water to become 2H-enriched relative to 

external water (Fig. 4a). Reduced transport of environmental water (to fluxes smaller than the 

total flux of hydrogen required for biosynthesis) therefore remains a viable mechanism for 

explaining decreased fractionation at increased salinity, but a hypothetical one pending 

demonstration of changes in d2HCellWater in photoautotrophs. 
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Variations in the release of organic hydrogen (PER) 

Depending on growth conditions and species, phytoplankton cells can exude 2-76% of 

their photosynthetically fixed carbon (Thornton, 2014; Van Oostende et al., 2013). 

Phytoplankton PER is considered to be a normal physiological function of healthy cells and 

likely plays a protective role in stressful environments (Thornton, 2014). Several studies indicate 

that both phytoplankton and bacteria increase PER and alter its chemical composition (Abdullahi 

et al., 2006) in response to suboptimal growth conditions (Alcoverro et al., 2000; Zlotnik and 

Dubinsky, 1989) such as elevated salinity (Abdullahi et al., 2006; Aslam et al., 2012; Liu and 

Buskey, 2000; Maršálek and Rojíčkovâ, 2015; Steele et al., 2014; Zhang et al., 2011). 

Experiments with diatom cultures at high salinity showed increased frustule-bound 

exopolysaccharides but decreased transparent exopolysaccharides (Bussard et al., 2017). The 

model sensitivity analysis indicated that increasing PER causes aLipid-Media to approach unity (Fig. 

4e) when more 2H-depleted organic material is expelled from the cell. This was the only model 

process besides restricted uptake of extracellular water (low HT) that caused significant changes 

in modeled d2HCellWater (Fig. 4b), supporting the hypothesis recently put forward in Sachs et al. 

(2016) that increased exudation of 2H-depleted organic matter may lead to 2H-enriched cell-

water. Investigations of the isotopic composition of intracellular water and exudate fluxes could 

help elucidate whether changes in HT or PER can explain decreased fractionation with increased 

salinity.  

 

Model limitations 

Interestingly, the 9 ppt data fell below the α-salinity trends for the fatty acids (Fig. S3a-c) 

but on the α-salinity trend for the sterol (Fig. S3d). In previous studies comparing T. pseudonana 
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nutrient-replete (higher growth rate) continuous cultures to nutrient-limited (lower growth rate) 

chemostats, afattyacids-media was not influenced by growth rate while αsterol-media displayed increased 

fractionation at increased growth rate (Sachs and Kawka, 2015; Z. Zhang et al., 2009). Thus the 

9 ppt treatment in this study behaved as the previous works would predict: presumably the 

decreased growth rate pushed the sample onto the trend for the sterol α-salinity relationship 

while there was no “bolstering effect” for the fatty acid α-salinity relationships since acetogenic 

lipids do not seem to be influenced by growth rate in T. pseudonana (Sachs and Kawka, 2015; Z. 

Zhang et al., 2009).  

The stationary model presented is inadequate for evaluating the effect of changes in 

growth rate or growth phase on aLipids-Media. Because catabolism equaled anabolism in a single 

population of cells, the model is more representative of a culture in “stationary phase”. The 6-

box model is not directly comparable to the continuous cultures that were held in steady-state by 

dilution with a constantly overturning population of cells. However, because a nearly identical 

salinity effect was observed in batch cultures that were in exponential, stationary, and death 

phases (Heinzelmann et al., 2015a), the 6-box model represents a first step in determining the 

mechanisms underlying the sensitivity of aLipids-Media to salinity.  

Adding other hydrogen reservoirs to the model and additional isotopically distinct pool of 

metabolic NAD(P)H might reveal nuances governing the H isotopic composition of lipids. For 

instance, measured fatty acid d2H was more sensitive to salinity than the sterol in this study, and 

recent culture studies with haptophytes revealed different alipid-water sensitivities in isoprenoid and 

acetogenic lipids (Kasper, 2015; Sachs et al., 2016). Since it has been suggested that n-alkyl 2H-

enrichement relative to isoprenoid lipids might be due to isotopically different pools of 

NAD(P)H (Sachse and Sachs, 2008; Sessions et al., 1999), a more complex model might inform 
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unexplained patterns of hydrogen isotope fractionation in microorganisms. While the n-alkyl 

lipid precursor acetyl-CoA is synthesized in the chloroplast (e.g. Shtaida et al., 2015), the 

precursor to isoprenoid compounds (isopentenyl pyrophosphate, IPP) is synthesized either in the 

cytoplasm via the “eukaryotic” mevalonic acid (MVA) pathway or in the plastid via the 

“prokaryotic” 1-deoxy-D-xylulose-5-phosphate/2-methyl-erythroyl-4-phosphate pathway 

(DOXP/MEP) (Lohr et al., 2012). In diatoms, sterol synthesis has characteristics of bacterial, 

higher plant, and fungal biosynthetic pathways, possibly a result of their unique evolutionary 

origin (Desmond and Gribaldo, 2009; Fabris et al., 2014) likely resulting in steroidal precursors 

from both the MVA and DOXP/MEP pathways (Lohr et al., 2012 and references therein). 

Therefore, incorporating compartmentalization into a model could further illuminate differences 

in 2H/1H fractionation between fatty acids and isoprenoids and differences between species. 

From the sensitivity analyses of the 6-box hydrogen flux model we hypothesize that (i) 

variations in the source of NAD(P)H and/or increased production of Metabolic NAD(P)H versus 

Photosynthetic NADPH is the most likely mechanism responsible for the salinity sensitivity of 

aLipids-Media, with (ii) increased incorporation of Cell Water-hydrogen into Other Organics a 

viable second mechanism. Two additional mechanisms caused a significant 2H-enrichment of 

both lipids and intracellular water, including (iii) restricted hydrogen transport from media into 

cells, and (iv) increased extracellular release of organic material, insight that could not be 

obtained from the previous 3-endmember model (Sachs et al., 2016; Sachs and Kawka, 2015). 

These might contribute to 2H-enrichement of lipids at high salinities if it can be shown that 

intracellular water can be isotopically distinct from media in photoautotrophs. Considering these 

mechanisms separately is useful for the purposes of sensitivity analysis, but it is important to 
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note that a combination of these mechanisms may well be responsible for the observed salinity 

effect on lipid fractionation. 

 

Conclusions 

The diatom T. pseudonana was grown at steady-state in nutrient-replete continuous 

cultures at six salinities between 14-40 ppt and at a lower growth rate at 9 ppt. Over the 26 ppt 

salinity range in which the cultures had equivalent growth rates, d2H values increased by 

1.3‰/ppt in C14:0, C16:0, and C16:1 fatty acids, and by 1.0‰/ppt in 24-methyl-cholesta-5,24(28)-

dien-3β-ol. Growth rate differences, previously hypothesized to contribute to the observed 

sensitivity of lipid d2H to salinity, can be ruled out as a causal mechanism in both T. pseudonana 

and E. huxleyi (Sachs et al., 2016). A 6-box model revealed four mechanisms that might 

contribute to 2H-enrichment in lipids as salinity increases: (i) increases in the relative 

contribution of metabolic NAD(P)H (vs. photosynthetic NADPH), (ii) increased incorporation of 

cell-water-hydrogen into organic material, (iii) restricted exchange of water between cells and 

the environment, and (iv) increased release of organic exudates. Although each mechanism could 

potentially impact αlipid-water, shifts in the relative supply of metabolic NAD(P)H, at the expense 

of photosynthetic NADPH, is the most parsimonious mechanism.  

Irrespective of the underlying cause of diminished 2H/1H fractionation in microalgal 

lipids under increased salinity, there is strong empirical support from field, batch cultures, 

nitrogen limited chemostats, and now nutrient-replete continuous cultures that this response is 

robust and likely universal. In virtually all lipids and species 2H/1H fractionation decreases with 

salinity by 1-2‰/ppt. The consistency of these observations implies that biomarker lipid d2H 

values may be used to reconstruct salinity in paleoclimate and paleoenvironmental studies. 
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Chapter 2 Appendix A. Supplementary data 

 

Culturing and instrumental details  

All culture conditions are given in Table S1. In order to establish the maximum salinity 

range in which T. pseudonana could sustain similar division rates in nutrient replete continuous 

cultures, several semi-continuous batch cultures were grown in triplicate at a range of salinities 

(9-45 ppt) (Fig S1). Once acclimated to their respective salinity levels for 6-10 generations, these 

cultures were then used as starter cultures for the continuous cultures. Continuous cultures 

maintained the same growth rate in the salinity range 14-40 ppt. To ensure that IVF was an 

appropriate proxy for cell density, 1 ml aliquots preserved with Lugols fixative were taken twice 

daily from 2-4 generations per salinity and enumerated using a hemacytometer with a Leica 

DM1000 microscope. In 2010 and 2011 continuous culture cell density was estimated using a 

hemacytometer using subsamples preserved in Lugols fixative. In 2013, continuous culture 

subsamples preserved with formalin were analyzed for cell density and cell diameter by injecting 

100 µL into a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA) and 

comparing data contained in the same gate on the forward versus side scatter plots for all culture 

samples. Diameter was calculated using the relationship obtained from non-fluorescent 

polystyrene F-13838 size calibration beads (Thermo Fisher Scientific, Molecular Probes, 

Carlsbad, CA, USA). In 2013 the same formalin-treated subsamples were also used to measure 

cell diameter, density, and volume on a Beckman Coulter Z2 Particle Count and Size Analyzer 

(Beckman Coulter, Fullerton CA, USA). The different cell counting methods gave different 

absolute results (Table S2), not a new problem in phytoplankton science (Hallegraeff, 1977), but 
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did not give different relationships to salinity. The main text adopts the cell counts from the 

Coulter Counter for all calculations.  

 

Fig. S1. Average division rates achieved in batch culture test tubes (40 ml volume) compare to 
continuous culture carboys (5 l volume). Average growth rate (div/d) of several (n = 20-40) 
semi-continuous batch cultures at salinities 9, 14, 18, 27, 36, 40, 45 ppt (open squares) and 
average growth rate (specific growth rate divided by ln(2)) of individual continuous cultures at 
salinities 9, 14, 18, 27, 31, 36, and 40 during the last 2-3 days of steady state (closed circles). The 
freshest continuous culture (9 ppt) could not be maintained at a similar growth rate and was 
therefore not included in linear regression analyses.  

Test%tube%starter%cultures%(40%mL)%
Carboy%con6nuous%cultures%(5%L)%
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Table S1. Nutrient replete continuous culture settings 
Parameter Details/Settings Notes/Source 
Strain CCMP 1335 Provasoli-Guillard National Center for 

Marine Algae and Microbiota (NCMA) 
Environment 1.12 m2 foam chamber cooled with household AC unit Grown in 2010 and 2011 at the University 

of Washington 
Temperature 20 ± 1 °C  
Light Cycle 24 h Provided by one 40 W cool-white 

fluorescent bulb on each side of chamber 
Light Intensity 224 ± 54 µmol/m2 s (average measured at 8 locations in 

the chamber) 
QSL-2100 probe (Biospherical Instruments, 
San Diego, CA, USA) 

Media Milli-Q water mixed with Instant Ocean® aquarium salts 
then 0.7 µm and 0.2 µm filtered on Whatman GF/F and 
Supor membrane filter 

 (Spectrum Brands, Middleton, WI, USA); 
(GE Healthcare Bio-Sciences, Pittsburgh, 
PA, USA); (Pall Life Sciences, Port 
Washington, NY, USA) 

Nutrient regime f/2; stock solutions of macronutrients, trace metals, and 
vitamins were 0.2 µm filtered; concentrations were 882 
µM NO3

-, 36 µM PO4-3, and 106 µM Si(OH)4 

(Guillard, 1975; Guillard and Ryther, 
1962); SFCA 0.2 µm membrane syringe 
filters (Thermo Fisher Scientific, Waltham, 
MA, USA) 

Salinity (ppt) 9, 14, 18, 27, 31, 36, 40; measured with a calibrated 
Orion 3-Star Plus conductivity meter and checked daily in 
cultures with a refractometer 

 (Thermo Fisher Scientific, Waltham, MA, 
USA)  

Culture volume 
and vessel 

5 l (grown in 12 l paddle-stirred polycarbonate carboys); 
all plastic and glassware was acid-washed, rinsed with 
Milli-Q water, and autoclaved before use. 

Thermo Scientific Nalgene #2600-0012  

Air Bubbled with 0.2 µm filtered medical grade air SFCA 0.2 µm membrane syringe filters 
(Thermo Fisher Scientific, Waltham, MA, 
USA) 

Flow rate Inflow/outflow rate 4.7-5.0 ml/min  
Growth rate Specific growth rate, µ (/d) estimated using dilution rate 

(D = flow-rate/volume) and divide by ln(2) for division 
rate (div/d) 

(Wood et al., 2005) 

Steady state 
assessment 

Continuous cultures steady state was when in vivo 
fluorescence (IVF) was always within 15% of the mean 

 

Continuous 
culture 
preparation 

~ 130 ml of exponentially growing starter culture added 
to 1 l media in carboys; after sufficiently large increase in 
biomass (>100 fsu), volume was increased to 5 l 

 

Continuous 
culture 
initiation 

Once the 5 l culture was in early to mid-exponential 
phase (between 250-350 fsu), continuous cultures were 
initiated 

IVF was monitored 1-2 times daily by 
extracting 40 ml of culture material (then 
discarded to avoid contamination) 

Chl a Subsampled twice daily during last 2-4 days of 
continuous culture steady state growth  

Extracted in 90% acetone for a minimum of 
24 hours at -20 °C analyzed on a TD-700 
fluorometer (Turner Designs) 

Nutrient 
subsamples 

Subsampled twice daily during last 2-4 days of 
continuous culture steady state growth 

Continuous flow photometry: Technicon 
AAII autoanalyser (Seal Analytical, 
Mequon, WI, USA).  

Starter culture 
design 

Semi-continuous batch cultures: acclimated in triplicate 
to respective salinity levels for 6-14 transfers 

1 ml of cell culture was added to 39 ml 
sterile f/2 media at the end of exponential 
phase 

Starter culture 
vessels 

25x150 mm round borosilicate glass test tubes plugged 
with sterilized cotton  

Swirled gently 2-3 times per day 

Starter culture 
growth 

Calculated by k = log2(N1/N0)/(T1-T0): N1 & N0 = IVF or 
cell counts at start and end of exponential growth; T1 & 
T0 = corresponding times (div/d) 

(Adolf et al., 2003) 

In vivo 
fluorescence 
(IVF) 

Monitored 1-2 times daily by inserting test tube culture in 
fluorometer for test tube batch cultures or extracting 40 
ml of continuous culture  

TD-700 (Turner Designs, Sunnyvale, CA, 
USA) fitted with a 340-500 nm wavelength 
excitation filter and a >665 nm wavelength 
emission filter. All readings were adjusted 
to a solid standard and are reported in 
Fluorescent Signal Units (fsu)  
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Table S2. Average cell density determined by 3 different methods and cell diameter determined 
by 2 different methods. The average of 4-6 subsamples (n) taken during steady state is reported 
with standard deviations. 

 
Salinity 

Coulter 
Counter SD n 

Flow 
Cytometer SD n 

Hema-
cytometer SD n 

Cell 
density 
(x105 

cells/ml) 

14 1.1 0.1 6 4.4 0.5 6 5.9 1.2 6 

18 1.0 0.1 6 2.7 0.2 6 3.5 3.3 6 

27 1.2 0.1 6 2.3 0.7 6 11.1 1.3 5 

31 1.6 0.3 7 5.1 0.7 7 6.8 1.2 6 

36 1.4 0.3 6 4.6 0.9 6 14.1 1.2 6 

40 0.6 0.2 5 2.7 1.0 5 10.5 1.9 5 

Cell 
diameter 

(µm) 

14 3.3 0.1 6 4.3 0.1 6    
18 3.3 0.1 6 4.2 0.1 6    
27 3.3 0.1 6 4.3 0.1 6    
31 3.4 0.1 7 4.9 0.2 7    
36 3.4 0.1 6 4.5 0.1 6    
40 3.9 0.2 5 4.4 0.1 5       

 

Continuous cultures in steady-state at salinities 14, 18, 27, 31, 36, and 40 ppt had similar 

growth rates that were between 1.90 and 1.99 div/d with a 1.97 ± 0.03 div/d mean but the culture 

at 9 ppt had a lower growth rate of 1.62 div/d. The averages of several steady-state IVF readings 

for the 14 to 40 ppt cultures were not significantly correlated with salinity (main text Table 1) 

and were between 195 ± 13 and 352 ± 24 fsu with a 244 ± 57 fsu mean (main text Table 2). The 

averages of 4 to 7 steady-state subsamples for cell density, diameter, and volume did not show 

any correlation with salinity (main text Table 1). Average steady-state cell density ranged from 

0.6 - 1.5 x 105 cells/ml with a 1.2 ± 0.3 x 105 cells/ml mean. Average steady-state cell diameter 

was between 3.3 - 3.9 µm with a 3.4 ± 0.2 µm mean. Average steady-state cell volume was 

between 16 -25 µm3 with a 20 ± 3 µm3 mean (main text Table 2). The average steady-state per 

cell Chl a content ranged from 0.6 - 1.9 pg/cell with a 0.9 ± 0.2 pg/cell mean and was 

uncorrelated to salinity (main text Table 1). 

The averages of 4 steady-state subsamples for residual nutrient concentrations in the 

culture media (Table S3) were 591 ± 42 µM for NO3
-, 18 ± 1 µM for PO4

-3, 3 ± 1 µM for NO2
-, 
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and 0.3 ± 0.1 µM for NH4
-, and were uncorrelated with salinity (main text Table 1, Table S4). 

Average concentrations of residual Si(OH)4 in the media decreased significantly with salinity 

(R2=0.87, P=0.01) (Table S4) and were between 37 and 6 µM (Table S3). Per cell residual 

Si(OH)4 calculations were also significantly correlated with salinity (main text Table 1, Fig. S2) 

and averages ranged from 9.8 to 36.1 µg/cell with a 20 ± 11 µg/cell mean. 

Per cell lipid concentrations (pg/cell) were uncorrelated with salinity (main text Table 1). 

The sterol (24-methyl-cholesta-5,24(28)-dien-3β-ol) was the least abundant compound ranging 

from 0.2 - 1.0 pg/cell with a 0.5 ± 0.25 pg/cell mean. Fatty acids were approximately an order of 

magnitude more abundant, palmitic acid (C16:0) content ranged from 1.0 - 15.1 pg/cell with a 5.3 

± 4.92 pg/cell mean; palmitoleic acid (C16:1) content ranged from 0.9 - 14.3 pg/cell with a 4.2 ± 

4.73 pg/cell mean; myristic acid (C14:0) content ranged from 1.7 - 6.8 pg/cell averaged 3.2 ± 2.00 

pg/cell mean (main text Table 3). Trace amounts of C15 and C18 fatty acids and 24-

methylcholesterol were detected in some samples.  

As discussed in the main text, the αlipid-water-salinity relationship changed slightly for fatty 

acids when the lower growth rate culture grown at 9ppt was added. The αlipid-water-salinity 

relationship remained the same for the sterol (Fig. S3). Instrument settings for quantification, 

identification, and lipid hydrogen isotope ratios (Sachs et al., 2016) are provided in Table S5. 

 

Residual silica 

All the residual nutrient concentrations taken during the last 2-3 days of steady-state from 

the continuous cultures are reported in Table S3. Residual silica changed significantly with 

salinity (Fig. S2) when normalized to cell density (main text Table 1) and also when not 

normalized (Table S4). The significant decrease in residual Si(OH)4 suggests that cells grown in 



	 52 

higher salinity treatments used more silica. It is unlikely that high salinity media caused silica to 

precipitate out (Morris et al., 1976). Since cell volume or diameter did not significantly change 

(Table S4), cellular silica must have accumulated as intracellular soluble silica, or must have 

been incorporated in thicker (but not larger) frustules at higher salinities.  

Table S3. Average residual nutrients for each continuous culture salinity treatment. The 
average of 4 subsamples taken during steady state is reported with standard deviations. 
Compare to feed media concentrations 882 µM NO3

-, 36 µM PO4
-3, and 106 µM Si(OH)4. 

Salinity 
NO3

- 

(µM)                         SD 
PO4

-3 
(µM)            SD 

NO2
- 

(µM)              SD 
NH4

+ 
(µM)            SD 

Si(OH)4 
(µM) SD 

14 571 133 19 5 5 1 0.5 0.3 34 7 

18 601 161 20 5 3 1 0.2 0.2 37 6 

27 651 102 18 4 3 1 0.3 0.3 19 6 

31 522 133 19 5 3 1 0.2 0.1 20 3 

36 598 116 18 4 3 0 0.3 0.3 19 7 

40 604 57 17 2 4 1 0.3 0.4 6 3 
 

Several studies of higher plants (Liang et al., 2007) suggest that silica may alleviate 

salinity stress. Diatoms grown at high salinity might likewise accumulate more soluble silica if 

their cellular processes can be enhanced or protected. It has been proposed that diatoms may use 

internal soluble silica to assist with cellular processes (Medlin, 2002), so it is conceivable that 

increased silica uptake at higher salinity treatments is due to an increased demand for internal 

cellular silica. Additionally, a greater concentration of Na+ ions is present in high salinity media 

and silicate transport relies on Na+ gradient, at least in the diatom Nitzschia alba (Bhattacharyya 

and Volcani, 1980), thus more silica may be transported into intracellular space regardless of 

demand.   

Alternatively diatoms may incorporate more silica into their frustules at higher salinities. 

Salinity has been shown to influence frustule morphology and rigidity (Bussard et al., 2017; La 

Vars et al., 2013; Vrieling et al., 2007). Several diatom batch culture studies suggest that 

frustules are built denser or with more silica in fresher water (Leterme et al., 2010; Olsen and 
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Paasche, 1986; Tuchman et al., 1984; Vrieling et al., 2007, 1999), or get longer-but not wider 

(Hildebrand et al., 2006), all contrary to the findings of this study. Since it is impossible to 

achieve steady state growth conditions in batch culture format, continuous culture results are not 

comparable to previous batch cultures especially since a study using chemostats (Paasche, 1973) 

found a different silica-frustule relationship compared to a study using batch cultures (Olsen and 

Paasche, 1986). 

Although our cultures had less residual silica in the media at high salinity, this is not 

likely related to the lipid-media 2H/1H fractionation because non-siliceous species also had 

decreased fractionation at increased salinity (Chivall et al., 2014; Heinzelmann et al., 2015a; 

Kasper, 2015; M’Boule et al., 2014; Nelson and Sachs, 2014; Sachs et al., 2016; Sachs and 

Schwab, 2011; Sachse and Sachs, 2008; Schouten et al., 2006). Furthermore, silica metabolism is 

independent of other major metabolic pathways and not necessarily related to the hydrogen 

isotopic composition of organic matter.  

 

 
Fig. S2. Residual silica/cell versus salinity calculated with three different cell density 
measurements. 
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Table S4. Linear regression slope coefficients of culture parameters on salinity and their 
standard error (SE). Slopes with P values less than 0.05 are in bold.  

Parameter R2 Slope SE P 
Specific Growth Rate (/d) 0.40 0.0 0.0 0.18 
Cell Density Coulter Counter (x105 cells/ml)  0.01 0.00 0.02 0.86 
Cell Density Flow Cytometer (x105 cells/ml)  0.00 0.00 0.06 0.98 
Cell Density Hemacytometer (x105 cells/ml)  0.56 0.3 0.1 0.09 
Cell Diameter Coulter Counter (µm)  0.54 0.02 0.01 0.09 
Cell Diameter Flow Cytometer (µm) 0.26 0.01 0.01 0.30 
Cell Volume (µm3)  0.50 0.23 0.01 0.12 
Chl a (µg/l) 0.88 2.10 0.40 0.01 
Residual NO3

- (µM)     0.00 0 2 0.92 
Residual PO4

-3 (µM)    0.54 -0.07 0.03 0.10 
Residual NO2

- (µM) 0.12 -0.03 0.05 0.51 
Residual NH4 (µM) 0.14 0.00 0.01 0.46 
Residual Si(OH)4 (µM) 0.87 -1.0 0.2 0.01 
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Fig. S3: Apparent fractionation factors, αlipid-water, for T. pseudonana. Linear regressions are for 
all cultures 9 to 40 ppt (cyan symbols, cyan lines, and cyan dotted 95% confidence interval, n = 
7) and for just the 14 to 40 ppt cultures (black symbols, black lines, and black dashed 95% 
confidence interval, n = 6). Error bars represent propagated standard deviations of 3 δ2Hwater and 
3-6 δ2Hlipid injections (except for the 9 ppt sterol data point which only had one injection).  
	
	 	

(a)$ (b)$

(c)$ (d)$
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Table S5. Settings for GC-FID (a), GC-MS (b), and GC-IRMS (c) used in this study. 
(a) Identification: Gas chromatography-flame ionization (GC-FID) settings 
Gas chromatograph Agilent GC 6890N  (Agilent Tech., Santa Clara, CA, USA) 
Autosampler Agilent 7683 autosampler  
Inlet Programmable temperature vaporization inlet operated 

in splitless mode, 300 °C 
 

Carrier gas He (1.3 ml/min)  
Column Agilent DB-5 ms capillary column (60 m × 0.32 mm × 

0.25 µm) 
(Agilent Tech., Santa Clara, CA, USA) 

Detector Flame ionization detector  
Oven Program Hold 110 °C 4 min; ramp to 150 °C at 15 °C/min; 

ramp to 320 °C at 6 °C/min; hold 28 min 
 

(b) Quantification: Gas chromatography-mass spectrometry (GC-MS) settings 
Gas chromatograph Agilent GC 6890N (Agilent Tech., Santa Clara, CA, USA) 
Autosampler Agilent 7683 autosampler  
Inlet Programmable temperature vaporization inlet operated 

in splitless mode, 300 °C 
 

Carrier gas He (1.5 ml/min)  
Column VF-17 ms capillary column (60 m × 0.32 mm × 0.25 

µm column (60 m × 0.32 mm × 0.25 µm) 
(Agilent Tech., Santa Clara, CA, USA 
formally Varian Inc.) 

Detector Agilent 5975 inert mass selective detector (Agilent Tech., Santa Clara, CA, USA) 
Oven Program (non-polar 
fractions) 

Ramp from 110 °C to 280 °C at 15 °C/min; hold 40 
min; ramp to 320 °C at 3 °C/min; hold 10 min 

 

Oven Program (polar 
fractions) 

Ramp from 110 °C to 150 °C at 15 °C/min; ramp to 
320 °C at 6 °C/min; hold 24 min 

 

(c) Isotopic Composition: Gas-chromatography isotope-ratio mass spectrometry (GC-IRMS) settings 
Gas chromatograph Trace Ultra GC II  (Thermo Fisher Scientific, Waltham, 

MA, USA) 
Autosampler Thermo TRIPLUS   
Inlet Split-splitless injector operated in splitless mode at 325 

°C 
 

Carrier gas He (1.5 ml/min)  
Pyrolysis 1400 °C ceramic reactor (1.5 mm OD x 0.55 mm ID x 320 mm 

long) 
IRMS Thermo DELTA V PLUS IRMS  
Column (non-polar fractions) VF-17 ms capillary column (60 m × 0.32 mm × 0.25 

µm) 
(Agilent Tech., Santa Clara, CA, USA 
formally Varian Inc.) 

Oven Program (non-polar 
fractions) 

Hold 120 °C for 10 min; ramp to 220 °C at 20 °C/min; 
ramp to 300 °C at 2 °C/min; ramp to 325 °C at 10 
°C/min; hold 5 min 

 

H3
+ factor (non-polar 

fractions) 
4.2±0.1 ppm/mV (n = 8 days) (Sessions et al., 2001) 

Column (polar fractions) Agilent DB-5 ms capillary column (60 m × 0.32 mm × 
0.25 µm) 

 

Oven Program (polar 
fractions) 

Hold 120 °C for 10 min; ramp to 180 °C at 20 °C/min; 
ramp to 325 °C at 3 °C/min; hold 11 min 

 

H3
+ factor (polar fractions) 4.9±0.1 ppm/mV (n = 5 days) (Sessions et al., 2001) 

External Standards nC21-alkane (-214.7±2.0‰), nC23-alkane (-
48.8±1.4‰), nC26-alkane (-54.9±1.5‰), nC32-alkane 
(-212.4±1.0‰), nC34-alkane (-231.8±1.4‰), and 
nC38-alkane (-102.6±1.3‰) 

Dr. Arndt Schimmelmann 
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MODEL DETAILS 

The reduction of NADP+ to NADPH via ferredoxin-NADP+ reductase in photosystem 1 

(PS1) uses hydrogen from intracellular water and is associated with a large normal isotope effect 

and an estimated fractionation factor of 0.4 (Luo et al., 1991; Schmidt et al., 2003). The 

metabolic reduction of NADP+ to NADPH uses carbon-bound hydrogen and is likely associated 

with a normal isotope effect with a fractionation factor estimated to be 0.75 (Sachs and Kawka, 

2015; Schmidt et al., 2003). Biosynthetic hydrogen sourced from isotopically distinct pools of 

NAD(P)H has been identified as a key mechanism responsible for lipid-water 2H/1H variations in 

microbes with different metabolisms (Dawson et al., 2015; Dirghangi and Pagani, 2013a, 2013b; 

Heinzelmann et al., 2015b; Osburn et al., 2011; X. Zhang et al., 2009) and between green and 

non-photosynthesizing plant organs (Gamarra and Kahmen, 2015). Sachs and Kawka (2015) 

extended this principal to explain decreased lipid-water 2H/1H fractionation at low growth rates 

and Sachs et al. (2016) suggested that high salinities could also influence biosynthetic 

preferences for isotopically distinct pools of NAD(P)H. A 3-endmember model (Sachs et al., 

2016; Sachs and Kawka, 2015) demonstrated that photoautotroph d2HLipid is sensitive to the 

relative proportions of hydrogen from water, photosynthetically reduced NADPH, and 

metabolically reduced NADPH. The model illustrated that for lipids (i) more hydrogen from 

water versus NADPH results in 2H-enrichment and (ii) more metabolic versus photosynthetic 

NADPH results in 2H-enrichement.  

Using these starting principles we developed a 6-box stationary model that characterizes 

basic hydrogen cycling in a population of photoautotrophic cells grown in 24-hr light. The only 

“endmember” in this model is the Media pool with a constant isotopic composition. All 5 cellular 

pools of hydrogen are free to vary in response to changes in flux sizes. Steady-state in this model 
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physiologically means that catabolic processes are as important as biosynthetic processes for 

moving hydrogen in and out of the “Other Organics” and “Lipids” boxes. This section outlines 

the assumptions and design of the new 6-box model and explains in detail the fluxes and the 

metabolic parameters that are tested to examine the sensitivity of cellular pools of hydrogen. The 

default values and ranges of the six testable metabolic parameters are summarized in Table S6 

and the calculated fluxes are summarized in Table S7. 

All the fluxes represent biosynthetic, equilibrium exchange, or catabolic processes 

responsible for moving hydrogen in and out of cellular pools or in and out of cells. “Lipids” 

synthesis is modeled after fatty acids where 50% hydrogen is from NAD(P)H, 25% from cell 

water, and 25% from acetyl-CoA (Robins et al., 2003; Saito et al., 1980; Schmidt et al., 2003). 

Some fatty acid synthesis enzymes use either NADH or NADPH (Marrakchi et al., 2002), which 

is why we include NADH in the “Metabolic NAD(P)H” box. For “Other Organics” (synthesized 

via a number of processes using cell water, photosynthetic NADPH, and metabolic NAD(P)H) a 

large variety of catabolic reactions reduce NAD(P)+ and return hydrogen to cell water. Lipid 

catabolism during the b-oxidation process is represented by 3 fluxes of total hydrogen to “Cell 

Water”, “Metabolic NAD(P)H”, and “Other Organics” according to set stoichiometric 

proportions (Buchanan et al., 2015).  

 

 PS1 vs. MET Parameter (x) 

The flux of hydrogen from “Cell Water” to “Photosynthetic NADPH” during 

photosynthesis (JWat_PS1) is balanced by biosynthesis of “Lipids” and “Other Organics”. The 

proportions of these biosynthetic fluxes are determined by the PS1 vs. MET parameter x such 

that JPS1_Lip = JWat_PS1 * x and JPS1_Org = JWat_PS1 * (1-x). Likewise catabolic production of 
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“Metabolic NAD(P)H” is balanced by two fluxes proportional to x such that JMET_Lip = JOrg_MET * 

(1-x) and JMET_Org = JOrg_MET * x + JCAT_Lip_Met. We adopt a default value x = 0.5 so “Lipids” and 

“Other Organics” receive equal fluxes of hydrogen from “Photosynthetic NADPH” and 

“Metabolic NAD(P)H” (with the exception of “Other Organics” which has a slightly larger flux 

from metabolic NAD(P)H to balance lipid b-oxidation). An increase in 1-x (or decrease in x) 

results in a larger flux of hydrogen from metabolic NAD(P)H to “Lipids” and more 

photosynthetic NADPH to “Other Organics” (Fig. S4). This causes lipid-media 2H/1H 

fractionation to decrease (aLipids-Media approaches unity) as d2HLipids becomes 2H-enriched and 

causes organics-media 2H/1H fractionation to decrease (aOtherOrganics-Media moves away from unity) 

as d2HOtherOrganics becomes 2H-depleted. δ2HCellWater is not significantly changed as 1-x varies from 

zero to unity (Fig. S5a). 

 

Metabolic Reductant Parameter (M) 

The metabolic production of NAD(P)H (JOrg_MET) is related to photosynthesis (JWat_PS1) 

by the “Metabolic Reductant Parameter” (JOrg_MET = JWat_PS1 * M). We adopt a default value of M 

= 1, implying that the flux of metabolic NAD(P)H is equal photosynthetic NADPH, while 

exploring the range 0 < M < 10. As M increases, so does any flux related to JOrg_MET including 

synthesis of “Lipids” and “Other Organics” using metabolic NAD(P)H (JMET_Lip and JMET_Org), 

cell water (JBIO_Wat_Org, JBIO_Wat_Lip), and organics (JBIO_Org_Lip), and also catabolism to maintain 

steady-state (JCAT_Org_Wat, JCAT_Lip_Wat, JCAT_Lip_Met, JCAT_Lip_Org) (Fig. S4). Therefore, increasing M 

is analogous to increasing metabolic recycling without a change in photosynthesis. Figure S5b 

illustrates that as M increases, fractionation decreases (aOrganics-Media approaches unity) and 

changing M has very little influence on δ2HCellWater. 
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Biosynthetic Cell Water Parameter (B) 

JBIO_Wat_Org represents enzymatic transfer of hydrogen from “Cell Water” to “Other 

Organics” during biosynthesis. The biosynthetic incorporation of cell-water-hydrogen is related 

to the combined NAD(P)H fluxes by B, the “Biosynthetic Cell Water Parameter” (JBIO_Wat_Org = 

(JPS1_Org + JMET_Org ) * B). Since half of the hydrogen in 3-C sugars (i.e., glyceraldehyde-3-

phosphate (GAP)) emanating from the Calvin-Benson cycle appears to come directly from 

intracellular water (Buchanan et al., 2015) a default value of B = 1 is used to indicate that equal 

amounts of cell-water-hydrogen and combined NAD(P)H hydrogen are incorporated into 

organics. To maintain steady-state, changing B also changes the mass balance catabolism flux 

(JCAT_Org_Wat). 

 

Equilibrium Exchange Parameter (E) 

Equilibrium exchange between cell-water-hydrogen and organic-hydrogen is related to 

photosynthesis by the “Equilibrium Exchange Parameter” (Jeq_Org_Wat = Jeq_Wat_Org = JWat_PS1 * E). 

Equilibrium exchange of hydrogen between intracellular water and organic material occurs 

readily with hydrogen in carboxyl, hydroxyl, amide, amine, thiol and sulfide groups, as well as 

with the alpha hydrogen of carbonyl groups via keto-enol tautomerism. This exchange can be 

relatively fast compared to biosynthetic processes (Garcı́a-Martı́n et al., 2001). A default value of 

E = 1 represents what we consider to be the lower limit of equilibrium exchange and means that 

the equilibrium exchange fluxes are the same size as the total photosynthetic flux. Increasing E 

has the same impact as increasing B (Fig. S5c), but is a chemically distinct way to incorporate 

cell-water-hydrogen into biochemicals. Changes in both B and E have minimal impact on 
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δ2HCellWater (Fig. S5c). Figure S6 illustrates how aLipids-Media can be influenced if equilibrium 

exchange or biosynthetic incorporation of cell water were associated with fractionation factors. 

 
Table S6. Metabolic parameters 

Tested metabolic 
parameters Symbol Range Default Notes 

PSI versus MET 
NAD(P)H Parameter 

x 0 - 1 0.5 Determines amount of lipid-hydrogen and other-
organic-hydrogen sourced from photosynthetic 
NADPH (vs. metabolic NAD(P)H); analogous to 
“x” (Sachs and Kawka, 2015; Sachs et al. 2016) 

     
Metabolic Reductant 

Parameter 
M 0 - 10 1 Determines flux size of metabolic NAD(P)H 

relative to the flux of photosynthesis 
     

Biosynthetic Cell Water 
Parameter 

B 0 - 10 1 Determines amount of organic-hydrogen sourced 
from cell-water-hydrogen relative to photosynthetic 
and metabolic NAD(P)H; comparable to “1-f” 
(Sachs and Kawka, 2015; Sachs et al. 2016) 

     
Equilibrium Exchange 

Parameter 
E 0 - 10 1 Determines size of equilibrium hydrogen flux 

between cell-water-hydrogen and organic-hydrogen 
relative to the flux of photosynthesis 

     
Hydrogen Transport 

Parameter 
HTa 0.03 - 1 1 Determines flux of media-hydrogen (as water or 

protons) into cells relative to the flux of 
photosynthesis  

     
Percent Extracellular 

Release 
PER 0 - 0.7 0.03 Determines percent of hydrogen release relative to 

the flux of photosynthesis (Sharp, 1977; Smith and 
Platt, 1984) 

a HT can’t be smaller than PER otherwise fluxes become negative if more organic-hydrogen is released than is 
taken in from media 

 

Hydrogen Transport Parameter (HT) 

The “Hydrogen Transport Parameter” (Jin = JWat_PS1 * HT) determines the flux size of 

hydrogen from “Media” to “Cell Water” compare to photosynthesis. Hydrogen enters cells as 

water (via diffusion or aquaporin transport) or as protons via Na+/H+ antiport proteins (Rai et al., 

2013a). A default value HT = 1 indicates that the flux of hydrogen entering cells is equal to 

photosynthesis. Changing HT also changes the amount of hydrogen exiting cells (Jout) to 

maintain steady-state. When the exchange flux of hydrogen between cells and the environment is 

restricted to less than the photosynthetic flux of hydrogen (i.e. when HT < 1), lipid-water 2H/1H 
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fractionation decreases (aOrganics-Media approached unity) and both d2HOtherOrganics and d2HCellWater 

get more 2H-enriched as HT approaches zero (Fig. S5d). 

 
Table S7. Fluxes calculated according to assumed relation to metabolic parameters and steady-state mass balance 

Process 
Hydrogen 

Flux Equation 
Biosynthetic & catabolic:   
Photosynthetic production of NADPH JWat_PSI = 1 (arbitrary constant) 
Metabolic production of NAD(P)H JOrg_MET = JWat_PSI * M 
Lipid biosynthesis using photosynthetic NADPH JPS1_Lip = JWat_PSI * x 
Other biosynthesis using photosynthetic NADPH JPS1_Org = JWat_PSI * (1 – x) 
Lipid biosynthesis using metabolic NAD(P)H JMET_Lip = JCAT_Lip_MET + JOrg_MET * (1 – x) 
Other biosynthesis using metabolic NAD(P)H JMET_Org = JOrg_MET * x 
Lipid biosynthesis using cell-water-hydrogen JBIO_Wat_Lip = (JPS1_Lip + JMET_Lip) * 0.5 
Other biosynthesis using cell-water-hydrogen JBIO_Wat_Org = (JPS1_Org + JMET_Org) * B 
Lipid biosynthesis using organic-hydrogen JBIO_Org_Lip = (JPS1_Lip + JMET_Lip) * 0.5 
H+ produced during β-carboxylation JCAT_Lip_Wat = (JBIO_Org_Lip + JMET_Lip + JPSI_Lip + JBIO_Wat_Lip 

– Jrelease_Lip) * 0.2 
NADH produced during β-carboxylation JCAT_Lip_MET = (JBIO_Org_Lip + JMET_Lip + JPSI_Lip + JBIO_Wat_Lip 

– Jrelease_Lip) * 0.2 
Organics produced during β-carboxylation JCAT_Lip_Org = (JBIO_Org_Lip + JMET_Lip + JPSI_Lip + JBIO_Wat_Lip 

– Jrelease_Lip) * 0.6 
Water produced during catabolism JCAT_Org_Wat = JMET_Org + JCAT_Lip_Org + JBIO_Wat_Org + 

JPS1_Org – Jrelease_Org –   Jrelease_Lip – JBIO_Org_Lip 
Non-biosynthetic:   
Equilibrium exchange from cell-water to organics Jeq_Wat_Org = JWat_PSI * E 
Equilibrium exchange from organics to cell-water Jeq_Org_Wat = JWat_PSI * E 
Release of lipid-hydrogen as exudates Jrelease_Lip = (JWat_PSI * PER) * 0.2 
Release of organic-hydrogen as exudates Jrelease_Org = (JWat_PSI * PER) * 0.8 
Transport/diffusion of media-H into cells Jin = JWat_PSI * HT 
Transport/diffusion of cell-H out of cells Jout = Jin + JCAT_Org_Wat + JCAT_Lip_Wat – JWat_PSI – 

JBIO_Wat_Org –  JBIO_Wat_Lip 

 

Percent Extracellular Release (PER) 

Finally, Jrelease_Org and Jrelease_Lip represent the loss of lipid and organic hydrogen via 

exudation. “Percent Extracellular Release” is a parameter that determines how much organic 

material is expelled by the culture (Jrelease_Org + Jrelease_Lip = JWat_PS1 * PER). Compiled reports 

from several exponentially growing cultures found that on average PER is 5% of autotrophically 

produced products (Nagata, 2000). Two reports for T. pseudonana indicated slightly lower 

percentages of 1.2-4% (Sharp, 1977; Smith and Platt, 1984) prompting the use of 3% as the 

default value in the model. A value of PER = 0.03 indicates that the flux of organic hydrogen 
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that leaves the cells is 3% the flux of hydrogen used to make photosynthetic NADPH. Of this we 

estimate that 20% of the exudates are derived from the lipid pool (Emerson and Hedges, 2008; 

Thornton, 2014). As cellular hydrogen loss via exudates (PER) increases, 2H/1H fractionation 

decreases (aOrganics-Media approaches unity) with a concomitant 2H-enrichment of intracellular 

water (Fig. S5e). 

 

Model Equations 

The following six steady-state equations describe the mass balance of the nineteen fluxes 

of total hydrogen (2H+1H) between the six boxes: 

 
𝛛𝒉𝑴𝒆𝒅𝒊𝒂

𝛛𝐭
= 𝑱𝒐𝒖𝒕 + 𝑱𝒓𝒆𝒍𝒆𝒂𝒔𝒆_𝑶𝒓𝒈 + 𝑱𝒓𝒆𝒍𝒆𝒂𝒔𝒆_𝑳𝒊𝒑 − 𝑱𝒊𝒏 = 𝟎        (1) 

𝛛𝒉𝑾𝒂𝒕

𝛛𝐭
= 𝑱𝒊𝒏 + 𝑱𝒆𝒒_𝑶𝒓𝒈_𝑾𝒂𝒕 + 𝑱𝑪𝑨𝑻_𝑶𝒓𝒈_𝑾𝒂𝒕 + 𝑱𝑪𝑨𝑻_𝑳𝒊𝒑_𝑾𝒂𝒕 − 𝑱𝒐𝒖𝒕 − 𝑱𝒆𝒒_𝑾𝒂𝒕_𝑶𝒓𝒈 − 𝑱𝑩𝑰𝑶_𝑾𝒂𝒕_𝑶𝒓𝒈 − 𝑱𝑩𝑰𝑶_𝑾𝒂𝒕_𝑳𝒊𝒑 − 𝑱𝑾𝒂𝒕_𝑷𝑺𝟏 = 𝟎  

           (2) 
𝛛𝒉𝑶𝒓𝒈
𝛛𝐭

= 𝑱𝒆𝒒_𝑾𝒂𝒕_𝑶𝒓𝒈 + 𝑱𝑩𝑰𝑶_𝑾𝒂𝒕_𝑶𝒓𝒈 + 𝑱𝑪𝑨𝑻_𝑳𝒊𝒑_𝑶𝒓𝒈 + 𝑱𝑷𝑺𝟏_𝑶𝒓𝒈 + 𝑱𝑴𝑬𝑻_𝑶𝒓𝒈 − 𝑱𝒆𝒒_𝑶𝒓𝒈_𝑾𝒂𝒕 − 𝑱𝑪𝑨𝑻_𝑶𝒓𝒈_𝑾𝒂𝒕 − 𝑱𝑶𝒓𝒈_𝑴𝑬𝑻 −

𝑱𝒓𝒆𝒍𝒆𝒂𝒔𝒆_𝑶𝒓𝒈 = 𝟎           (3) 
𝛛𝒉𝑳𝒊𝒑
𝛛𝐭

= 𝑱𝑩𝑰𝑶_𝑶𝒓𝒈_𝑳𝒊𝒑 + 𝑱𝑩𝑰𝑶_𝑾𝒂𝒕_𝑳𝒊𝒑 + 𝑱𝑷𝑺𝟏_𝑳𝒊𝒑 + 𝑱𝑴𝑬𝑻_𝑳𝒊𝒑 − 𝑱𝑪𝑨𝑻_𝑳𝒊𝒑_𝑶𝒓𝒈 − 𝑱𝑪𝑨𝑻_𝑳𝒊𝒑_𝑾𝒂𝒕 − 𝑱𝑪𝑨𝑻_𝑳𝒊𝒑_𝑴𝑬𝑻 − 𝑱𝒓𝒆𝒍𝒆𝒂𝒔𝒆_𝑳𝒊𝒑 = 𝟎 
                      (4) 
𝛛𝒉𝑷𝑺𝟏
𝛛𝐭

= 𝑱𝑾𝒂𝒕_𝑷𝑺𝟏 − 𝑱𝑷𝑺𝟏_𝑳𝒊𝒑 − 𝑱𝑷𝑺𝟏_𝑶𝒓𝒈 = 𝟎        (5) 

𝛛𝒉𝑴𝑬𝑻
𝛛𝐭

= 𝑱𝑶𝒓𝒈_𝑴𝑬𝑻 + 𝑱𝑪𝑨𝑻_𝑳𝒊𝒑_𝑴𝑬𝑻 − 𝑱𝑴𝑬𝑻_𝑳𝒊𝒑 − 𝑱𝑴𝑬𝑻_𝑶𝒓𝒈 = 𝟎      (6)	

Where hMedia, hWat, hOrg, hLip, hPS1, and hMET indicate the mass of hydrogen in each box. The next 

six equations describe the steady state isotopic composition of each box where R is the 2H/1H 

ratio and each flux is paired with a fractionation factor, α: 

 
𝛛𝐑𝑴𝒆𝒅𝒊𝒂

𝛛𝐭
∗ 𝒉𝑴𝒆𝒅𝒊𝒂 = 𝑱𝒐𝒖𝒕𝜶𝒐𝒖𝒕𝑹𝑾𝒂𝒕 + 𝑱𝒓𝒆𝒍𝒆𝒂𝒔𝒆_𝑶𝒓𝒈𝜶𝒓𝒆𝒍𝒆𝒂𝒔𝒆_𝑶𝒓𝒈𝑹𝑶𝒓𝒈 + 𝑱𝒓𝒆𝒍𝒆𝒂𝒔𝒆_𝑳𝒊𝒑𝜶𝒓𝒆𝒍𝒆𝒂𝒔𝒆_𝑳𝒊𝒑𝑹𝑳𝒊𝒑 − 𝑱𝒊𝒏𝜶𝒊𝒏𝑹𝑴𝒆𝒅𝒊𝒂 = 𝟎  

           (7) 
𝛛𝐑𝑾𝒂𝒕

𝛛𝐭
∗ 𝒉𝑾𝒂𝒕 = 	 𝑱𝒊𝒏𝜶𝒊𝒏𝑹𝑴𝒆𝒅𝒊𝒂 + 𝑱𝒆𝒒_𝑶𝒓𝒈_𝑾𝒂𝒕𝜶𝒆𝒒_𝑶𝒓𝒈_𝑾𝒂𝒕𝑹𝑶𝒓𝒈 + 𝑱𝑪𝑨𝑻_𝑶𝒓𝒈_𝑾𝒂𝒕𝜶𝑪𝑨𝑻_𝑶𝒓𝒈_𝑾𝒂𝒕𝑹𝑶𝒓𝒈 +

𝑱𝑪𝑨𝑻_𝑳𝒊𝒑_𝑾𝒂𝒕𝜶𝑪𝑨𝑻_𝑳𝒊𝒑_𝑾𝒂𝒕𝑹𝑳𝒊𝒑 − 𝑹𝑾𝒂𝒕 ∗ (𝑱𝒐𝒖𝒕𝜶𝒐𝒖𝒕 + 𝑱𝒆𝒒_𝑾𝒂𝒕_𝑶𝒓𝒈𝜶𝒆𝒒_𝑾𝒂𝒕_𝑶𝒓𝒈 + 𝑱𝑩𝑰𝑶_𝑾𝒂𝒕_𝑶𝒓𝒈𝜶𝑩𝑰𝑶_𝑾𝒂𝒕_𝑶𝒓𝒈 +
𝑱𝑩𝑰𝑶_𝑾𝒂𝒕_𝑳𝒊𝒑𝜶𝑩𝑰𝑶_𝑾𝒂𝒕_𝑳𝒊𝒑 + 𝑱𝑾𝒂𝒕_𝑷𝑺𝟏𝜶𝑷𝑺𝟏) = 𝟎         (8) 
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𝛛𝐑𝑶𝒓𝒈
𝛛𝐭

∗ 𝒉𝑶𝒓𝒈 = 𝑱𝒆𝒒_𝑾𝒂𝒕_𝑶𝒓𝒈𝜶𝒆𝒒_𝑾𝒂𝒕_𝑶𝒓𝒈𝑹𝑾𝒂𝒕 + 𝑱𝑩𝑰𝑶_𝑾𝒂𝒕_𝑶𝒓𝒈𝜶𝑩𝑰𝑶_𝑾𝒂𝒕_𝑶𝒓𝒈𝑹𝑾𝒂𝒕 + 𝑱𝑪𝑨𝑻_𝑳𝒊𝒑_𝑶𝒓𝒈𝜶𝑪𝑨𝑻_𝑳𝒊𝒑_𝑶𝒓𝒈𝑹𝑳𝒊𝒑 +
𝑱𝑷𝑺𝟏_𝑶𝒓𝒈𝜶𝑷𝑺𝟏_𝑶𝒓𝒈𝑹𝑷𝑺𝟏 + 𝑱𝑴𝑬𝑻_𝑶𝒓𝒈𝜶𝑴𝑬𝑻_𝑶𝒓𝒈𝑹𝑴𝑬𝑻 − 𝑹𝑶𝒓𝒈 ∗ 	 (𝑱𝑩𝑰𝑶_𝑶𝒓𝒈_𝑳𝒊𝒑𝜶𝑩𝑰𝑶_𝑶𝒓𝒈_𝑳𝒊𝒑 + 𝑱𝒆𝒒_𝑶𝒓𝒈_𝑾𝒂𝒕𝜶𝒆𝒒_𝑶𝒓𝒈_𝑾𝒂𝒕 +
𝑱𝑪𝑨𝑻_𝑶𝒓𝒈_𝑾𝒂𝒕𝜶𝑪𝑨𝑻_𝑶𝒓𝒈_𝑾𝒂𝒕 + 𝑱𝑶𝒓𝒈_𝑴𝑬𝑻𝜶𝑴𝑬𝑻 + 𝑱𝒓𝒆𝒍𝒆𝒂𝒔𝒆_𝑶𝒓𝒈𝜶𝒓𝒆𝒍𝒆𝒂𝒔𝒆_𝑶𝒓𝒈) = 𝟎     (9) 
LMNOP
LQ

∗ ℎSTU = 𝐽WXY_YZ[_STU𝛼WXY_YZ[_STU𝑅YZ[ + 𝐽WXY_^_`_STU𝛼WXY_^_`_STU𝑅^_` + 𝐽abc_STU𝛼abc_STU𝑅abc + 𝐽def_STU𝛼def_STU𝑅def −
𝑅STU ∗ 	 (𝐽ghf_STU_YZ[𝛼ghf_STU_YZ[ + 𝐽ghf_STU_^_`𝛼ghf_STU_^_` + 𝐽Ziji_ki_STU𝛼Ziji_ki_STU + 𝐽g_`_STU_def𝛼g_`_STU_def) = 0		
	 	 	 	 	 	 	 	 	 	 	 (10)	
	
𝛛𝐑𝑷𝑺𝟏
𝛛𝐭

∗ 𝒉𝑷𝑺𝟏 = 𝑱𝑾𝒂𝒕_𝑷𝑺𝟏𝜶𝑷𝑺𝟏𝑹𝑾𝒂𝒕 − 𝑹𝑷𝑺𝟏 ∗ 	 (𝑱𝑷𝑺𝟏_𝑶𝒓𝒈𝜶𝑷𝑺𝟏_𝑶𝒓𝒈 + 𝑱𝑷𝑺𝟏_𝑳𝒊𝒑𝜶𝑷𝑺𝟏_𝑳𝒊𝒑) = 𝟎       (11) 

𝛛𝐑𝑴𝑬𝑻
𝛛𝐭

∗ 𝒉𝑴𝑬𝑻 = 𝑱𝑶𝒓𝒈_𝑴𝑬𝑻𝜶𝑴𝑬𝑻𝑹𝑶𝒓𝒈 + 𝑱𝑪𝒂𝒕_𝑳𝒊𝒑_𝑴𝑬𝑻𝜶𝑪𝒂𝒕_𝑳𝒊𝒑_𝑴𝑬𝑻𝑹𝑳𝒊𝒑 − 𝑹𝑴𝑬𝑻 ∗ 	(𝑱𝑴𝑬𝑻_𝑶𝒓𝒈𝜶𝑴𝑬𝑻_𝑶𝒓𝒈 + 𝑱𝑴𝑬𝑻_𝑳𝒊𝒑𝜶𝑴𝑬𝑻_𝑳𝒊𝒑) = 𝟎  
            (12) 

 
Since δ2HMedia = 0‰, RMedia = (155.76 ± 0.05) x 10-6 (Hagemann et al., 1970). To determine RWat, 

RPS1, RMET, RLip, and ROrg, the fluxes were calculated algebraically (using eqns. 1-6 and the 

assumptions described in Table S7 using default values in Table S6) and then the linear system 

of equations describing the isotope composition of each box (eqns. 7-12) was solved using 

standard matrix solving procedures in MATLABTM. Finally RWat, RPS1, RMET, RLip, and ROrg were 

converted to δ2HCellWater, δ2HPS1, δ2HMET, δ2HLipids, and δ2HOtherOrganics. Code for this model can be 

found at: https://doi.org/10.5281/zenodo.153986. 
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 Fig. S4. Schematic that shows sign of change (increase in bold, decrease in dotted, and no 
change in grey) when the metabolic parameters vary: (a) 1-x = PSI vs MET NAD(P)H 
Parameter, (b) M = Metabolic Reductant Parameter, (c) B = Biosynthetic Cell Water Parameter, 
(d) E = Equilibrium Exchange Parameter, (e) HT = Hydrogen Transport Parameter, (f) PER = 
Percent Exudate Release. 
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Fig. S5. Changes in δ2HResevoir, αLipid-Media, and αOrganics-Media as metabolic parameters vary: (a) 1-x 
= PSI vs MET NAD(P)H Parameter, (b) M = Metabolic Reductant Parameter, (c) B = 
Biosynthetic Cell Water Parameter and E = Equilibrium Exchange Parameter, (d) HT = 
Hydrogen Transport Parameter, (e) PER = Percent Exudate Release. 
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Fig. S6. The sensitivity of αLipids-Media to changes in the fractionation factor associated with the 
biosynthetic incorporation of hydrogen from water into organic compounds or equilibrium 
exchange. The blue lines are the same as in Fig. 3 from the main text and the top panels of Fig. 
S5. Lipid-Media 2H/1H fractionation decreases as fractionation factors associated with these 
fluxes increases. Cook and Cleland (2007) (Table 9.1 page 269) compiled metabolite-water 
fractionation factors for various molecules involved in enzyme mediated C-H exchange with 
water that range from 0.64 to 1.24. Isotope effects for specific hydrogen positions involved in 
water exchange during keto-enol tautomerism (applicable to αcW_O) have been measured (Wang 
et al., 2009). The temperature dependent equilibrium hydrogen isotope effect between water and 
linear ketones for the alpha hydrogen position ranged from 0.83 to 0.85 (Wang et al., 2009). 1-x 
= PSI vs MET NAD(P)H Parameter (a), M = Metabolic Reductant Paramter (b), B = 
Biosynthetic Cell Water Parameter and E = Equilibrium Exchange Parameter (c), HT = 
Hydrogen Transport Parameter (d), PER = Percent Exudate Release (e).  
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Chapter 3: A method for reconstructing precipitation in the tropical South Pacific from 

dinosterol 2H/1H ratios in lake sediment2 

 
Abstract 

The South Pacific Convergence Zone (SPCZ) is the largest precipitation feature in the Southern 

Hemisphere supplying freshwater to 11 million people. Despite its significance, little is known 

about the location and intensity of SPCZ precipitation prior to instrumental records, hindering 

attempts to predict precipitation changes in a warming world. Here we use sedimentary 

molecular fossils to establish a tool for extending the historical record of SPCZ precipitation. 

Freshwater lake sediments and water samples were collected from lakes that spanned a 4.6 mm 

d-1 range in precipitation rates based on estimates from the Global Precipitation Climatology 

Project (GPCP). d2Hlakewater values from 29 lakes ranged from -29 ‰ to +23 ‰ and were 

inversely correlated with precipitation rates, albeit with a steeper slope than the observed tropical 

Pacific “amount effect”, owing to evaporation. The biomarker dinosterol was purified from core-

top lake sediments to test dinosterol 2H/1H ratios (d2Hdinosterol) as a proxy for hydroclimate 

variability in the SPCZ region. Lake-averaged d2Hdinosterol values from 21 lakes tracked 

d2Hlakewater and ranged from -245 ‰ in French Polynesia to -316 ‰ in the Solomon Islands and 

were correlated with precipitation rates with a sensitivity of -12.1 ±2.6 ‰ (mm d-1)-1. The 

empirical SPCZ GPCP-d2Hdinosterol relationship provides a means of quantitatively reconstructing 

past SPCZ precipitation with uncertainties up to ±3 mm d-1, about twice that of the satellite-

gauge GPCP product itself. 

 
																																																								
2In preparation for submission as: Maloney, A.E., Nelson, D.B., Prebble, M., Sear, D.A., 
Hassall, J.D., Langdon, P.G., Croudace, I.W., Sachs, J.P. (in prep). A method for reconstructing 
precipitation in the tropical South Pacific from dinosterol 2H/1H ratios in lake sediment. 
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Introduction 

The South Pacific Convergence Zone (SPCZ) is the Southern Hemisphere’s largest 

precipitation feature (Vincent, 1994) supplying freshwater to 11 million people on 3,975 islands 

(Power et al., 2011; WHO, 2016). The majority of coupled climate models suggest a larger and 

wetter SPCZ in the future with a more extreme zonal structure during ENSO events (Borlace et 

al., 2014; Brown et al., 2012, 2011; Cai et al., 2012). It is difficult to validate these model results 

because little is known about the extent of natural variability in SPCZ migration due to the short 

satellite (40 years) and gauge (130 years) records of SPCZ precipitation.  

Long continuous records of SPCZ precipitation variability are needed to understand 

natural variability prior to the instrumental record. Coral archives (Linsley et al., 2008, 2006) and 

speleothems (Maupin et al., 2014; Partin et al., 2013) from the SPCZ region do not extend 

beyond 600 years ago. Sediment archives have successfully recorded longer-term changes in 

tropical vegetation and human activity (Combettes et al., 2015; Hope and Pask, 1998; Parkes, 

1994; Prebble et al., 2013; Prebble and Wilmshurst, 2009; Rull et al., 2015; Southern, 1986; 

Stevenson and Hope, 2005; Wirrmann et al., 2006), and large scale precipitation during the past 

10,000 years (Hassall, 2017).  Here we present an organic biomarker-based proxy to quantify 

precipitation changes across tropical south Pacific islands using sediment archives to extend the 

record of precipitation observations well beyond the instrumental records. 

In the tropics, precipitation hydrogen isotope ratios, expressed as δ2H (δ = 

[Rsample/RVSMOW] – 1, where R is 2H/1H and VSMOW is Vienna Standard Mean Ocean Water), 

are principally controlled by precipitation amount (Dansgaard, 1964; Kurita et al., 2009; Risi et 

al., 2008; Rozanski et al., 1993). Tropical lake water δ2H values are largely influenced by 
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precipitation δ2H values and evaporative enrichment (Garcin et al., 2012; Issa et al., 2015). 

Lipids from algae track the isotopic composition of environmental water (Englebrecht and Sachs, 

2005; Paul, 2002; Sachse et al., 2012; Schouten et al., 2006; Zhang and Sachs, 2007), and their 

preservation in sediments offers a window into past lake hydrology and by extension past 

precipitation.  

Phytoplankton produce a variety of taxon-specific lipids (Volkman, 2005; Volkman et al., 

1998) that can be exploited to infer environmental conditions. Dinosterol (4α,23,24-trimethyl-

5α-cholest-22E-en-3β-ol) is produced almost exclusively by dinoflagellates, although it has also 

been detected in a single marine diatom species (Volkman et al., 1993). Source-specificity is 

important since the same lipid produced by different species of algae grown under the same 

conditions can have δ2H values that differ by over 100‰ (Sachs, 2014; Sessions et al., 1999; 

Zhang and Sachs, 2007). 

Algal lipid δ2H values are sensitive to other environmental parameters including salinity 

(Maloney et al., 2016; Nelson and Sachs, 2014a; Sachs et al., 2016; Sachs and Schwab, 2011; 

Sachse and Sachs, 2008; Schouten et al., 2006; Weiss et al., 2017), growth rate and phase 

(Chivall et al., 2014; Sachs and Kawka, 2015; Wolhowe et al., 2015, 2009; Z. Zhang et al., 

2009), temperature (Ladd et al., 2017; Wolhowe et al., 2009; Z. Zhang et al., 2009), light (Sachs 

et al., 2017; van der Meer et al., 2015), and redox environment or metabolism (Schwab et al., 

2015a). To limit potential influences from salinity and temperature, this study sampled 

freshwater tropical lakes spanning a small range of seasonally stable temperatures (<4 °C, Table 

A.1). To capture less controllable parameters such as species composition, growth rate, 

metabolism, and light, multiple sites were sampled in each region.  



	 80 

Previous lake sediment core-top studies demonstrate that δ2H values of sedimentary 

molecular fossils largely reflect modern spatial climate gradients. Sampling regions include 

global (Nelson and Sachs, 2014a, 2014b) and continental transects across Europe (Sachse et al., 

2004), the Americas (Polissar and Freeman, 2010), eastern North America (Huang et al., 2004; 

Sauer et al., 2001), southwest United States (Hou et al., 2008), Cameroon (Garcin et al., 2012; 

Schwab et al., 2015a, 2015b), and the Tibetan Plateau (Aichner et al., 2010; Mügler et al., 2008; 

Xia et al., 2008). However, the fidelity to which lacustrine δ2H values track climate across the 

vast expanse of the South Pacific Ocean has not yet been tested. 

 The goals of this study are to 1) characterize δ2H values from lake water and purified 

sedimentary dinosterol from diverse lakes in the understudied SPCZ region and 2) explore the 

empirical relationship between modern precipitation and the lipid biomarker dinosterol as a tool 

for calculating pre-instrumental precipitation in the SPCZ.  

 

Methods 

Sample Collection 

Sediment core-top samples were collected from 21 lakes (Table B.1). Most were from 

6.604 cm diameter sediment cores collected in 2011-2012 with a universal corer device (Aquatic 

Research), the sample from Lake Wanum was collected in 1999. The uppermost portion 

(typically 20-50 cm) was sectioned in the field at 0.5 or 1 cm intervals to a depth at which the 

sediment was sufficiently consolidated to transport and store without disturbance to stratigraphy. 

Lake Emaotul was sampled in 1995 when it was dry with a D-section peat borer (Hope, 1996) 

and again in 2015 with a 8.6 cm diameter UWITEC (UWITEC, Mondsee, Austria) gravity corer. 

Samoa and New Caledonia were sampled in 2013 and Samoa again in 2014 with the UWITEC 
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gravity corer. Samoa and New Caledonia samples obtained in 2013 were subsampled in the field 

at 0.5 or 1 cm intervals, whereas Samoa samples obtained in 2014 were subsampled in the 

laboratory; interface integrity was maintained using Zorbitrol in the field. Samples from Tetiaroa 

were collected in March and/or October 2015 by hand. Sediment cores from the deepest (88 m) 

part of Lac Lalolalo (Wallis) had disturbed sediment water interfaces (15-20 cm) due to vigorous 

degassing upon recovery, therefore additional cores were collected from shallower depths (24 m) 

to obtain surface sediments that did not experience mixing. 

At all lakes except Lake Wanum and the 1995 visit to Emaotul lake, water samples were 

collected and stored in glass or plastic vials and sealed to prevent evaporation. Additional water 

samples were collected from 9 lakes in Nauru, Vanuatu, Wallis, and the Solomon Islands (unique 

from those with sediment samples). Several non-lake water samples were collected for hydrogen 

and oxygen isotope analysis from streams, channels, lagoons, ocean, tap water, rain barrels, and 

cave drip water (Table B.2). Salinity was measured in the field with a refractometer to ±1 ppt. 

Local precipitation events were sampled whenever possible with a cup or bag, or with a rain 

water collector containing mineral oil to prevent evaporation.  

Lake water temperature, pH, conductivity, and dissolved oxygen (DO) % were measured 

on-site using a portable data sonde (Hydrolab) at most lakes (Fig. A.1). Lake areas were 

determined with the Google Earth Pro polygon tool or from literature if available. Lake elevation 

was determined by topographical maps, hand held GPS, and literature if available (Table A.1). 

 

Water Isotope Analyses 

δ2H and δ18O were measured at the University of Washington, School of Oceanography 

6-14 times per sample (the first three measurements were discarded to avoid memory effects) on 
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a Picarro L2130-i Isotopic Liquid Water Analyzer (Picarro, Inc., Santa Clara, CA) in high 

precision mode and normalized to VSMOW using three in house lab standards with hydrogen 

isotopic compositions -107.3 ± 0.5 ‰, -76.1 ± 0.3 ‰, and 14.8 ± 1.0 ‰. A subset of 32 samples 

were reanalyzed 2-4 times between 2014 and 2017 to give injection-weighted mean standard 

deviation of 1.3‰ for δ2H and 0.3 ‰ for δ18O, characterizing the analytical stability. 

Samples collected on Wallis were measured at University of Hawaii on a Picarro L1102-i 

WS-CRDS with analytical precision of 0.5‰ for δ2H and 0.04‰ for δ18O determined using an 

in-house standard run after every 10th sample. Water samples collected on New Caledonia and 

Samoa were measured at Natural Environmental Research Council Isotope Geosciences Facility 

with a GV Isoprime with Multiprep and EuroPyrOH. 

 

Dinosterol hydrogen isotope analyses 

Lipid extracts were obtained from freeze-dried sediment samples with an Accelerated 

Solvent Extractor (ASE-200, Dionex Corp., Sunnyvale, CA, USA) using 9:1 

dichloromethane:methanol (DCM:MeOH) at 1500 psi and 100 °C for three 5 min cycles. Lipid 

extracts were base-hydrolyzed with 1N KOH at 70 °C for 6-12 h followed by liquid-liquid 

extractions in hexane. Column chromatography was used to separate dinosterol from other major 

lipid classes. A solid phase of 0.5 g amino propyl gel (Supelco) and 8 mL of 3:1 DCM:isopropyl 

alcohol eluted the non-polar fraction containing dinosterol. This fraction was further purified 

using 1.0 g deactivated silica gel with 6 ml of hexane (HEX), followed by 6 ml 1:1 HEX:DCM, 

and finally 8 ml 4:1 HEX:Ethyl acetate to elute an alcohol fraction containing dinosterol.  

Dinosterol was purified from neighboring sterols by High Performance Liquid 

Chromatography according to Nelson & Sachs (2013). Prior to HPLC, samples were acetylated 
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using acetic anhydride with a known hydrogen isotopic composition (-123.8 ± 8.2 ‰) by 

dissolving in 40 uL of 1:1 pyridine:acetic anhydride and heating at 70 °C for 0.5 h. 

Identifications were performed on an Agilent GC 6890N connected to an Agilent quadrupole 

MSD5975 detector and equipped with an Agilent 7683 autosampler, a split-splitless injector 

operated in splitless mode, and an Agilent VF-17 ms capillary column (60 m × 0.25 mm × 0.25 

µm) used with He carrier gas at 1.5 mL min-1. The oven was ramped from 110 °C to 280 °C at 15 

°C min-1 and held for 40 min, then ramped to 320 °C at 3 °C min-1 and held for 10 min. HPLC-

purified dinosterol samples were quantified against a 5α-cholestane external standard on an 

Agilent 6890N GC equipped with a Flame Ionization Detector (FID), using methods similar to 

the GCMS. 

d2Hdinosterol values were measured via gas-chromatography isotope-ratio mass 

spectrometry (GC-IRMS). Samples were injected into a Thermo Trace Ultra GC II (Thermo 

Fisher Scientific, Waltham, MA, USA) gas chromatograph via a Thermo TRIPLUS autosampler 

operated in splitless mode at 330 °C with a constant flow (1.1 mL min-1) of He carrier gas. 

Eluting compounds were pyrolyzed in a 1400 °C ceramic reactor for introduction on a Thermo 

DELTA V PLUS IRMS. The GC was equipped with a VF-17ms capillary column (60 m × 0.25 

mm × 0.25 µm), the oven was programmed to hold at 120 °C for 2 min, increase to 260 °C at 20 

°C min-1, increase to 310 °C at 1 °C min-1, increase to 325 °C at 20 °C min-1, and hold 325 °C for 

15 min. The H3
+ factor (Sessions et al., 2001) was measured prior to every sequence and was 

2.00 ± 0.27 ppm nA-1 during the 38 months that 27 sequences were run for this study. External 

standards of known hydrogen isotopic composition including n-C21-alkane (-214.7‰ CAS #629-

94-7), n-C23-alkane (-48.8‰ CAS #638-67-5), n-C26-alkane (-54.9‰ CAS #630-01-3), n-C32-

alkane (-212.4‰ CAS #544-85-4), n-C34-alkane (-231.8‰ CAS #14167-59-0), and n-C38-
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alkane (-102.6‰ CAS #7194-85-6) (Dr. Arndt Schimmelmann, Indiana University, 

http://mypage.iu.edu/~aschimme/compounds.html) were injected throughout each run. Any peak 

areas less than 11 Vs were not considered to avoid size dependent δ2H effects (Polissar and 

D’Andrea, 2014) and isotopic compositions were evaluated in the Isodat 2.0 software relative to 

calibrated H2 reference gas. Dinosterol δ2H values were corrected using the regression of known 

versus Isodat-reported n-alkane standard δ2H values. Dinosterol d2H values were then corrected 

for hydrogen added during acetylation by a mass balance calculation as in Nelson and Sachs, 

(2014a). 

 

Freshwater Site Latitude Longitude GPCP σ P-E σ δ2Hlakewater σ n δ2Hdinosterol σ n
° ° mm d-1 mm d-1 mm d-1 mm d-1 ‰ ‰ ‰ ‰

Rimatu'u Pond, Tetiaroa, French Polynesia -17.0249 210.4417 3.77 1.10 -0.25 1.15 16.0 4.1 3 -247 15 3
Oroatera Pond, Tetiaroa, French Polynesia -16.9958 210.4591 3.77 1.10 -0.27 1.15 23.0 2 -251 33 2
Onetahi Pond, Tetiaroa, French Polynesia#,^ -17.0207 210.4081 3.78 1.10 -0.26 1.15 2.7 2 -284 1
Lake Tagamaucia, Teveuni, Fiji# -16.8163 180.0601 5.03 1.08 1.00 1.14 -16.2 0.9 6 -284 3 2
Grand Lac, Grande Terre, New Caledonia -22.2703 166.9094 3.53 0.63 -1.10 0.73 -15.5 0.1 2 -284 1
Lake Hut, Grande Terre, New Caledonia -22.2609 166.9526 3.52 0.64 -1.12 0.74 -15.2 1 -267 1
Otas Lake, Efate, Vanuatu -17.6945 168.5850 4.90 0.94 0.04 1.02 -8.0 1 -262 4 2
Emaotul Lake, Efate, Vanuatu$ -17.7342 168.4151 4.82 0.94 -0.06 1.02 -15.4 14.4 2 -266 7 3
Small Pond, Efate, Vanuatu# -17.7342 168.4531 4.84 0.94 -0.04 1.02 -20.1 1
Red Lake, Thion, Vanuatu -15.0326 167.0901 5.48 1.24 1.30 1.30 -16.3 0.7 2 -251 12 3
White Lake, Thion, Vanuatu -15.0410 167.0892 5.47 1.24 1.30 1.30 -10.0 0.2 2 -268 4 3
Waérowa East Lake, Espiritu Santo, Vanuatu# -15.5950 167.0788 5.25 1.16 0.91 1.22 -27.2 1 -292 1
Waérowa West Lake, Espiritu Santo, Vanuatu# -15.5951 167.0726 5.25 1.16 0.91 1.22 -19.5 1
Bellmolle North Lake, Espiritu Santo, Vanuatu# -15.5830 167.1118 5.25 1.16 0.92 1.22 -20.7 1
Bellmolle Swamp, Espiritu Santo, Vanuatu# -15.5839 167.1016 5.25 1.16 0.92 1.22 -22.7 1
Bellmolle South Lake, Espiritu Santo, Vanuatu -15.5884 167.1019 5.25 1.16 0.92 1.22 -15.3 1
Buada Pond, Nauru$ -0.5347 166.9223 5.37 1.31 1.83 1.37 -19.7 0.1 2
Lake Lanoto'o, Upolu, Samoa -13.9109 188.1726 5.56 1.37 1.22 1.41 -17.5 1.8 4 -286 8 3
Lac Lalolalo, Wallis -13.3017 183.7662 5.97 1.43 1.43 1.47 -12.3 0.5 6 -292 5 4
Lac Lanutavake, Wallis -13.3212 183.7860 5.96 1.43 1.42 1.47 -5.8 0.2 6 -287 6 4
Lac Lano, Wallis -13.2942 183.7597 5.97 1.43 1.43 1.48 -2.4 1
Lake Wanum, Papua New Guinea -6.6391 146.7872 7.44 1.13 3.98 1.20 -292 1
Barora Pond, Tetepare, Solomon Islands -8.7223 157.6005 7.90 1.52 4.24 1.55 -24.2 0.9 2 -296 16 2
Lake Tavara Tetepare, Solomon Islands -8.7029 157.4503 7.94 1.52 4.27 1.55 -25.4 0.6 2 -314 4 2
Lake Rano, Rendova, Solomon Islands -8.6879 157.3243 7.97 1.52 4.25 1.56 -12.1 1.3 3 -275 8 2
Harai Lake #1, Rendova, Solomon Islands -8.5622 157.3556 7.99 1.52 4.36 1.56 -28.5 1 -316 1
Harai Lake #2, Rendova, Solomon Islands -8.5684 157.3683 7.98 1.52 4.36 1.56 -12.1 1 -296 1
Harai Lake #3, Rendova, Solomon Islands -8.5648 157.3651 7.99 1.52 4.36 1.56 -27.2 1 -312 13 2
Arundel Lake #1, Arundel, Solomon Islands -8.1917 157.1793 8.10 1.53 4.47 1.57 -21.0 1
Arundel Lake #2, Arundel, Solomon Islands -8.2060 157.1824 8.10 1.53 4.46 1.57 -3.9 1

TABLE 1. Lake location, rainfall rate (GPCPv2.3 1979-2016), P-E (GPCP-OAFlux), and lake-average isotope values.

#High vegetation cover
^Manufactured
$Ephemeral
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All 44 core-top samples and the standard deviations of multiple injections are reported in 

Table B.1. The pooled uncertainty for replicate analyses was 6.2 ‰ (Polissar and D’Andrea, 

2014) and represents the overall analytical uncertainty. Included in this table is a cyanobacterial 

mat sample growing atop floating peat sedge on lake Tagimaucia that was not included in the 

lake-averaged sediment core-top value. For lakes with multiple core-top samples, lake-averaged 

d2Hdinosterol values were determined by averaging all core-top samples and the standard deviation 

of multiple lake core-tops represents lake-averaged d2Hdinosterol uncertainty (Table 1). A pooled 

uncertainty of 10.4 ‰ was determined from lakes with multiple core-tops and applied to lakes 

with only a single core-top sample and used for all graphs and statistics. 

 

Statistics, data, and models 

Large errors in independent variables in this study required the use of a maximum 

likelihood estimate method (York et al., 2004) incorporating bivariate analytical uncertainty for 

all linear regressions (Cantrell, 2008; Reed, 1989; Thirumalai et al., 2011; York, 1969; York et 

al., 2004), which were performed using published MatlabTM code (Thirumalai et al., 2011). Since 

most previous studies of algal lipid isotopes with respect to environmental variables did not have 

large x-errors (culture studies) or the x-errors were not accounted for (field studies), the results of 

ordinary least squares regressions are also provided in the figure captions. In all cases the biased 

ordinary least squares regressions slopes are smaller than the maximum likelihood method 

slopes, as was the case in a rigorous study of calibration techniques for corals as sea surface 

temperature proxies (Xu et al., 2015).  
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Monte Carlo error propagation, mapping, and data extraction was done in R (R Core 

Team, 2017). Smoothed data extraction from netcdf files used R’s extract function with the 

“bilinear” method to average the 4 grid cells nearest to the lake sites. 

The Global Precipitation Climatology Project (GPCPv2.3) dataset (Adler et al., 2017, 

2003) was used to compute long-term mean annual precipitation rates for the 1979-2016 period 

(Table 1). The dataset is based on gauge and satellite observations and is gridded at a 2.5 ° x 2.5 

° scale. Estimates of precipitation uncertainty (Adler et al., 2012) accompany precipitation data. 

Data are provided by the National Oceanic & Atmospheric Administration/Oceanic & 

Atmospheric Research/Earth System Research Laboratory Physical Sciences Division 

(NOAA/OAR/ESRL PSD), Boulder, Colorado, USA, from their Web site at 

http://www.esrl.noaa.gov/psd/.  

Long term mean air temperature data for the 1948-2016 period are from the National 

Centers for Environmental Protection (NCEP) reanalysis data (Kalnay et al., 1996) gridded at a 

2.5 ° x 2.5 ° scale (Table A.1) and provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, 

USA, from their web site at http://www.esrl.noaa.gov/psd/. 

Long term mean evaporation data for the 1958-2016 period and evaporation error 

estimates averaged over the 1985-2016 period gridded at a 1 ° x 1 ° scale (Table A.1) are from 

the Woods Hole Oceanographic Institution Objectively Analyzed air-sea Fluxes (OAFlux) for 

the Global Oceans project (http://oaflux.whoi.edu) funded by the NOAA Climate Observations 

and Monitoring (COM) program (Yu et al., 2008).  

Mean annual amount weighted station values of observed precipitation isotopes (d2Hrain) 

and mean annual local gauge precipitation rates (Table A.2; Fig. A.2) are from the Global 

Network of Isotopes in Precipitation (GNIP) (IAEA/WMO, 2006) 
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(https://nucleus.iaea.org/wiser/) and from the Japan Agency for Marine-Earth Science and 

Technology (Kurita et al., 2009) (http://www.jamstec.go.jp/iorgc/cgi-

bin/database/v01/browse_summary.cgi?program=hcorp&group=CRHCG&cat=Isotope&id=Isoto

pe_Palau ). 

Online Isotope Precipitation Calculator (OIPC) precipitation δ2H estimates (d2HOIPCrain) 

(Table B.3; Fig. A.2) are from the OIPC which uses the IAEA database and interpolation 

algorithms with a set of predictor parameters to calculate precipitation isotopes (Bowen and 

Revenaugh, 2003). The OIPC is accessible at 

http://wateriso.utah.edu/waterisotopes/pages/data_access/oipc.html. 

Precipitation δ2H estimates from the second Stable Water Isotope INtercomparison 

Group (SWING2) (Sturm et al., 2010) (d2HSWING2rain) (Table B.3; Fig. A.2; Fig. A.3) were 

calculated from nudged isotope enabled global circulation models (Hoffmann et al., 1998; Risi et 

al., 2010; Schmidt et al., 2007; Yoshimura et al., 2008). Mean annual results for LMDZ, 

ECHAM, and GISS models are from https://data.giss.nasa.gov/swing2/. Mean monthly results 

from IsoGSM are from http://hydro.iis.u-tokyo.ac.jp/~kei/?IsoGSM1#j9fb954c and averaged. 

Model details are given in (Table A.3). 

 

Study sites 

The lakes in this study (Fig. 1; Table 1; Table A.1) were chosen to create a modern 

spatial calibration between d2Hdinosterol and SPCZ precipitation. The lakes span 123.7 ° of 

longitude, 21.4 ° of latitude, and a narrow 23-27 °C range of NCEP/NCAR reanalysis mean 

annual air temperature where the largest (smallest) seasonal/inter-annual variability is 8.3 (3.7) 

°C in New Caledonia (Wallis) over the last 69 years (Fig. A.4). The lakes are all less than 250 m 
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above sea level with the exception of Lake Lanoto’o, Samoa (762 m) and Tagimaucia Lake, Fiji 

(820 m).  

Across the study sites the mean annual GPCP precipitation rates for the 1979-2016 period 

vary from to 8.1 mm d-1 in the Solomon Islands to 3.5 mm d-1 in New Caledonia (Fig. 1). 

Seasonal variability (Fig. A.5) results in greater SPCZ precipitation extent during the austral 

summer (Vincent, 1994) and ENSO variability results in a northeast shift to a more zonal 

position during El Niño events (Widlansky et al., 2011). Without wind speed, site-specific 

evaporation rates cannot be calculated. However, mean annual ocean evaporation rates from each 

study site for the 1958-2016 period from OAFlux indicate the lowest evaporation rates in the 

Solomon Islands, Papua New Guinea, and Nauru (3.5-3.6 mm d-1) and the highest evaporation 

rates in Vanuatu (4.9 mm d-1) (Table A.1; Fig. A.6; Fig. A.7). 

 
 
Fig. 1. Location of 29 SPCZ freshwater lake water samples (open white triangles), 21 freshwater 
lake sediment samples (red squares), and 16 tropical Pacific GNIP or JAMSTEK (Palau) stations 
(yellow circles). Contours and color scale show mean GPCPv2.3 precipitation rate (mm d-1) on a 
2.5 ° x 2.5 ° grid for the 1979-2016 period (http://www.esrl.noaa.gov/psd/). 
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Notably, the lakes in this study do not have rain gauges on site, and the effects of 

topography on localized mean annual precipitation rate are not captured by the 2.5 ° x 2.5 ° grid 

scale used in GPCP data. Rain gauge data at nearby locations indicate that GPCP underestimates 

actual precipitation rates in the SPCZ region. For instance, a rain gauge on Tetepare, Solomon 

Islands recorded a mean annual precipitation rate of ~13 mm d-1 between July 2003-July 2009 

(Read et al., 2010) while the GPCP estimate is 8.4±1.1 mm d-1 for the same period. Likewise, 

precipitation at Lake Tagimaucia (Taveuni, Fiji) was estimated to be somewhere between 15-26 

mm d-1 based on rain gauges from other parts of the island recorded in 1976-83 and 1913-74 

(Southern et al., 1986) while the GPCP estimate is 4.6±1.2 mm d-1 for the 1979-2016 period. 

Despite these disagreements GPCP offers the most temporally and spatially comprehensive data 

available for understanding modern precipitation in the maritime tropical Pacific. 

The largest lake in this study is Lake Wanum in Papua New Guinea (405 hectares) and 

the deepest is Lake Lalolalo on Wallis (88 m). The lakes on Grande Terre, New Caledonia are 

large flat bottom doline formations (Jeanpert et al., 2016). Most other lakes are small coastal 

ponds or crater lakes. Seven of the shallowest lakes had extensive vegetation cover. Five lakes 

from Vanuatu and the manufactured Onetahi Pond (Tetiarora, French Polynesia) had species of 

Nymphaea and Nymphoides covering up to ~50 % of the water’s surface, and Lake Tagimaucia 

(Fiji) had extensive (92.5 %) floating mats of peat sedge (Southern et al., 1986). Profiles of 

salinity, temperature, DO%, and pH were recorded for many of the sites in Fiji, Vanuatu, Wallis, 

Samoa, and the Solomon Islands (Fig. A.1). The bathymetry and some physio-chemical 

properties of other sites has been further described for Lake Wanum in Papua New Guinea 

(Garrett-Jones, 1979), Lake Tagimaucia in Fiji (Southern, 1986; Southern et al., 1986), Lanoto’o 
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in Samoa (Hassall, 2017; Parkes, 1994; Schabetsberger et al., 2009), and Lake Lalolalo and 

Lanutavake on Wallis (Schabetsberger et al., 2009; Sichrowsky et al., 2014).  

All lakes were fresh at the time of sampling with the exception of Rimatu’u pond 

(Tetiaroa, French Polynesia) and the deepest part of Lake Lalolalo (Wallis). Rimatu’u pond was 

observed to be brackish (5 ppt) in 1997 (Che et al., 2001), since then the shoreline that separates 

the lake from the sea water lagoon has been growing (Le Cozannet et al., 2013), presumably 

assisting the freshening of the pond. It was fresh when sampled in March 2015 but had a salinity 

of 2 ppt when sampled at the end of the dry season in October 2015. The effect of salinity on δ2H 

values of algal lipids is about 1 ‰ 2H-enrichement per salinity unit (Maloney et al., 2016; Nelson 

and Sachs, 2014a; Sachs et al., 2016; Sachs and Schwab, 2011; Sachse and Sachs, 2008; Weiss 

et al., 2017), so while a 5 ppt increase in salinity could cause a 2H-enrichment of ~5‰, it is 

within the analytical error of d2Hdinosterol measurements. Lake Lalolalo contained freshwater (<1 

ppt) in the oxygenated photic zone (a secchi disk reading revealed that light penetrated only 3.4 

m), but below 10 m salinity gradually increased reaching 3 ppt at 50 m and finally, 31 ppt at 80 

m (Sichrowsky et al., 2014) (see Fig. A.1). Given the strong gradient in light and oxygen, it is 

unlikely that dinoflagellates lived outside the fresh region of Lake Lalolalo. Other lakes near the 

coast may occasionally experience brackish salinities due to storm over wash events. After our 

2012 visit, Lake Otas on Efate Island experienced a flooding event in 2015 during cyclone Pam 

(Hong et al., 2017), but it is unknown how this event affected the salinity or water isotope 

values.  

Some lakes such as Barora Pond (Tetepare, Solomon Islands), Red lake (Thion, 

Vanuatu), and Lake Otas (Efate, Vanuatu) (Fig. A.1) were supersaturated in oxygen at the 

surface indicating high productivity rates at the time of sampling. Many lakes also had low/zero 
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oxygen at the sediment-water interface, particularly those with supersaturation at the surface. 

Most of the lakes in this study have not been examined for algal species composition but 

dinosterol was found in all sediments collected indicating dinoflagellates were present. Lalolalo 

and Lanutavke crater lakes on Wallis Island have been relatively well studied and contain the 

dinoflagellates of the genera Gymnodinium and Peridinium (Schabetsberger et al., 2009; 

Sichrowsky et al., 2014), the latter a known producer of dinosterol (c.f. Atwood et al., 2014). 

Lake Tagimaucia (Fiji) hosts at least four of species of dinoflagellates from the genera 

Gymnodinium, Gyrodinium, and Peridinium, and Lake Lanoto’o (Samoa) has at least one species 

of Peridinium (Schabetsberger et al., 2009).  

The sediment in most lakes was highly unconsolidated algal gytta. Sediment in Grand 

Lac (Grande Terre, New Caledonia) and Barora Pond (Tetepare, Solomon Islands) had high 

amounts of lithogenous material and sediments in Harai Lake #2 (Rendova, Solomon Islands) 

had sandy material. Onetahi Pond (Tetiarora, French Polynesia) was manufactured in the early 

2010s so sediment has only been accumulating for a few years. Radiometric dating in 15 lakes 

verifies that core-top sediments are not older than 1960 (Table A.4; Table A.5). We estimate 

that the core-top sediments in this study incorporate several years of accumulation ranging from 

0.4±3 years to 20±50 years, further details are provided in the Supplemental Information (Table 

A.1).  
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Fig. 2. The relationship between GPCPv2.3 mean annual precipitation rate (mm d-1) for the 
1979-2016 period and d2Hdinosterol, d2Hlakewater, and d2Hrain. Lake-averaged d2Hdinosterol values (red 
squares) from 18 lakes are plotted on the left axis. Also plotted are 3 lakes with high vegetation 
cover (dark red crosses) that are not included in the regression. On the right axis: lake-averaged 
d2Hlakewater values (white triangles) from 22 lakes in addition to 7 lakes with high vegetation 
cover (black crosses) that are not included in the regression, and GNIP/JAMSTEK d2Hrain values 
(yellow circles) from 16 stations (same as Fig. A.2b). X-axis errors are precipitation rate errors 
provided by GPCP. d2Hlakewater error bars are the estimated standard error of tropical lake water 
(±5 ‰, except 14 ‰ at Lake Emaotul, see text), d2Hrain error bars are weighted standard 
deviations, and d2Hdinosterol error bars are the standard deviations of multiple core-top values. 
When only one core-top was measured the pooled standard deviation is shown (±10.4 ‰ 
indicated by error bars with black dashes). The dark and light shaded bands around the 
regression lines are the 95% confidence and prediction intervals. To account for large errors in 
both axes, linear fits were determined using the maximum likelihood estimate method (York et 
al., 2004) (solid red, gray, and brown lines) incorporating bivariate analytical uncertainty 
(Thirumalai et al., 2011). Not shown ordinary least squares regressions:  
d2Hlakewater  = -3.9(±1.4)*P+11(±9), R2=0.27, p=0.01, n=22 
d2Hrain =-3.5(±0.7)*P-6(±3), R2=0.67, p=0.0001, n=16 
d2Hdinosterol = -9.6(±2.0)*P-223(±12), R2=0.58, p=0.0002, n=18 
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Results 

Amount effect 

There are 15 IAEA/GNIP stations and 1 JAMSTEC station (Palau) (Fig. 1) on tropical 

Pacific islands between 30°N and 30°S with at least 23 δ2H measurements from at least 3 years 

(Table A.2). The 9 mm d-1 range in precipitation rates vs. the 44 ‰ range in mean annual 

amount-weighted d2Hrain yields a tropical Pacific “amount effect” of [y= -4.5(±0.6)x+1(±4), 

R2=0.42, p<0.001, n=16], where the Hilo station data fell well above the 95 % prediction interval 

(Fig. A.2a). Even though most GNIP station sample collection dates (many in the 1960’s) did 

not overlap with the GPCP 1979-2016 period, d2Hrain was better correlated with regional GPCP 

precipitation data (Fig. A.2b; Fig. 2), and had a statistically indistinguishable “amount effect” of 

[y= -5.6(±0.8)x+2(±4), R2=0.81, p<0.001, n=16].  

At the 30 SPCZ sampling locations used in this study, multi-model mean d2HSWINGrain 

data from four nudged isotope-enabled global circulation models (Fig. A.3; Table B.3) had a 

small 22 ‰ range and multi-model mean precipitation rates had a 7.3 mm d-1 range. d2HSWINGrain 

vs. multi-model mean precipitation rates gave a smaller “amount effect” of [y= -2.9(±0.6)x-

14(±4), R2=0.66, p<0.001, n=30] (Fig. A.2c) about half the size as that from GNIP/JAMSTEK 

observation data. d2HOIPCrain values from this study’s 30 sample sites had a 34 ‰ range with very 

large uncertainties at several lake sites, especially Vanuatu (Table B.3). d2HOIPCrain values vs. 

GPCP precipitation rates gave an “amount effect” of [y= -8.6(±2.4)x+16(±14), R2=0.72, 

p=0.002, n=30] (Fig. A.2d) ~two times larger than GNIP/JAMSTEK observation data.  
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Regional meteoric water line 

d2Hwater and d18Owater of 38 rain events collected in Nauru, Fiji, Wallis, Solomon Islands, 

Vanuatu, and Tetiaroa between 2010-2016 (Table B.2) gave a SPCZ-RMWL [RMWL= 

7.6(±0.3)x+11.5(±0.9), R2=0.93, p=<0.001, n=38] with a slope similar to South Pacific tropical 

IAEA/GNIP data (GNIP slopes ranged from 6.4 to 8.1 (with a 7.3±0.1 mean)), but with a larger 

intercept than GNIP data (GNIP intercepts ranged from 0.0 to 10.4 (with a 6.7± 0.3 mean) (Fig. 

3; Fig. A.8). Water samples from Fiji, Wallis, and Vanuatu representative of long-term 

precipitation from rain tanks, bottled and tap water, streams, and cave drip water, in addition to 

published precipitation isotope data from Tahiti (Hildenbrand et al., 2005) and Papua New 

Guinea (Ferguson, 2007; Ferguson et al., 2011) agree with the SPCZ-RMWL (Fig. 3; Fig. A.8). 

As expected for samples containing seawater, brackish and salty water samples from lakes, 

channels, lagoons, and ocean water with salinities between 2-35 ppt fell off the RMWL (Fig. 3).  
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Fig. 3. Hydrogen and oxygen isotope values from SPCZ surface waters. The GMWL (y=8x+10) 
is shown for reference (thin black line). Error bars represent analytical uncertainty and are 
smaller than symbols in some cases. Samples from 38 local rain events (yellow circles) create a 
regional meteoric water line (RMWL) represented by the thick brown line, dark and light 
shading indicates the 95 % confidence and prediction intervals, the linear fit was determined 
using the maximum likelihood estimate method (York et al., 2004) incorporating bivariate 
analytical uncertainty (Thirumalai et al., 2011). Water samples from rain tanks, bottled or tap 
water, streams, and cave drip water (black dots) presumably average over multiple rain events 
during longer timescales than discrete rain samples and generally fall along the RMWL. Gray 
diamonds represent 31 samples collected from brackish coastal ponds, inlets, lagoons, and the 
ocean at salinities from 2 to 35 ppt. 61 individual freshwater lake samples (triangles) from 31 
lakes fall along the RMWL at sites with high precipitation rate or high altitudes, and away from 
the RMWL at sites with low precipitation rates and form a SPCZ local evaporation line (dashed 
line determined using maximum likelihood estimate method y=5.1(±0.1)x-2.9(±0.2), R2=0.95, 
p<<0.001, n=61). Highlighted in cyan are samples from lake on Grande Terre (New Caledonia) 
which are meteoric compare to other locations with similar evaporation and rainfall rates. 
Highlighted in green is Lake Emaotul (Efate, Vanuatu) with a sample that was 2H-enriched by 20 
‰ in September 2015 compared to May 2017. Highlighted in pink is Rimatu’u Pond (Tetiarora, 
French Polynesia) with a sample that was 5 ‰ 2H-enriched with salinity=2 ppt in October 2015 
compared to duplicate samples when salinity=0 ppt in March 2015. Not shown ordinary least 
squares regressions: RMWL: y=7.2(±0.3)x+10.4(±1.0), R2=0.93, p<<0.001, n=38; SPCZ LEL: 
y=5.1(±0.1)x-1.7(±0.4), R2=0.95, p<<0.001, n=61 
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Lake water 

Figure 3 shows individual d2Hlakewater samples that form a SPCZ-wide local evaporation 

line with a smaller slope in relation to the RMWL determined by the relative humidity of the air 

(and assumed kinetic and equilibrium isotope effect) (Henderson and Shuman, 2009). Solomon 

Islands lakes had the most isotopically depleted water and plotted closest to the RMWL while 

Tetiaroa lakes (pink trianles) showed the greatest extent of evolution along the LEL due to 

greater extend of evaporation. Samples from Lake Tagimaucia (Fiji), Lake Lanoto’o (Samoa), 

and both lakes on New Caledonia (New Caledonia lakes are highlighted in cyan) fell on/near the 

RMWL indicating these lakes experienced little evaporation, at least at the time of sampling. 

Only three lakes were sampled at 2 different time points. Lake Lanoto’o (Samoa) was sampled in 

July 2013 and September 2014 and surface d2Hlakewater differed by 4 ‰ (Hassall, 2017). Rimatu’u 

Pond (Tetiaroa) was sampled in March 2015 and at the end of the dry season in October 2015. 

The October sample was 7 ‰ 2H-enriched and salinity increased from 0 to 2 ppt (highlighted in 

pink in Fig. 3). Emaotul Lake (Efate, Vanuatu) was sampled in September 2015 and again May 

2017 when it was 20 ‰ more 2H-depleted (highlighted in green in Fig. 3). Because the seasonal 

variation in lake water isotopes is otherwise unknown, we adopt an estimated d2H error value of 

5 ‰ for each lake-averaged value (Nelson and Sachs, 2014a). However, due to the large 

observed change in water isotopes in Lake Emaotul, the standard deviation of its two 

measurements is used in all statistics and regressions (±14.4 ‰). Lake Wanum (Papua New 

Guinea) was the only lake with a sediment sample but no water sample. All water sample data is 

available in Table B.2. 

The lake-averaged d2Hlakewater samples had a 52 ‰ range from -29.4 ‰ to 23.0 ‰ (Table 

1). d2Hlakewater varied by 25 ‰ between 8 nearby Solomon Islands lakes, 20 ‰ between 3 nearby 
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Tetiarora lakes, 19 ‰ between 10 Vanuatu lakes, and 10 ‰ between 3 nearby Wallis Islands 

lakes. The 20 ‰ range between 3 nearby Tetiarora lakes was highly influenced by 2H-depleted 

Onetahi Pond that is extensively covered in vegetation. Likewise, the 19 ‰ range in d2Hlakewater 

between 10 Vanuatu lakes becomes only 8 ‰ if 5 lakes with extensive vegetation cover are 

removed. Accordingly, these high vegetation cover sites, in addition to Lake Tagimaucia (Fiji) 

which is covered in floating peat sedge (Southern et al., 1986), were not included in d2Hlakewater 

vs. environmental regressions owing to their attenuated evaporative 2H-enrichement.  

d2Hlakewater values were significantly correlated with GPCP precipitation rates [d2Hlakewater 

= -10.1(±2.4)*P+43 (±13), R2=0.26, p=0.0005, n=22] (Fig. 2). d2Hlakewater values did not show a 

strong correlation with OAFlux evaporation rates [d2Hlakewater = 75(±34)*E-319 (±141), R2=0.05, 

p=0.04, n=22] (Fig. A.7), but were significantly correlated with P-E [d2Hlakewater = -8.1(±1.7)*(P-

E)+0(±12), R2=0.23, p=0.0001, n=22] (Fig. A.9). d2Hlakewater values were also significantly 

correlated with d2Hrain values calculated from the tropical pacific “amount effect” equation using 

GPCP rain rates at each lake site [d2Hlakewater = 2.6(±1.1)*d2Hrain +63(±30), R2=0.28, p=0.02, 

n=22] (Fig. A.10). Note these regressions did not include d2Hlakewater values from seven lakes 

with high vegetation cover since the effects of local evaporation were inhibited.  

 

d2Hdinosterol values 

All 44 d2Hdinosterol values from core-top samples were 2H-depleted compared to d2Hlakewater 

values (Table B.1). Lake-averaged d2Hdinosterol core-top values from 21 sites had a 69 ‰ range 

from -247 ‰ to -316 ‰ (Table 1) and were correlated with d2Hlakewater values [d2Hdinosterol = 

1.9(±0.3)* d2Hlakewater -258(±5), R2=0.50, p<0.001, n=20] (Fig. 4), where the regression includes 
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lakes with high vegetation cover to demonstrate the fidelity to which algal lipids track changes in 

their source water. d2Hdinosterol was significantly correlated with GPCP precipitation rates 

[d2Hdinosterol = -12.1(±2.6)*P-211(±15), R2=0.59, p=0.0003, n=18] (Fig. 2) and OAFlux 

evaporation rates [d2Hdinosterol = 47(±18)*E-478(±75), R2=0.24, p=0.004, n=18] (Fig. A.7). The 

relationship between GPCP precipitation minus OAFlux evaporation (P-E) and d2Hdinosterol was 

also significant [d2Hdinosterol = -9.7(±1.8)*(P-E)-265(±4), R2=0.54, p=0.0001, n=18] (Fig. A.9), 

and similar to the d2Hdinosterol-GPCP relationship. d2Hdinosterol was also significantly correlated 

with d2Hrain values calculated from the tropical Pacific “amount effect” equation using GPCP rain 

rates at each lake site [d2Hdinosterol = 2.5(±0.8)*( d2Hrain)-206(±23), R2=0.59, p=0.005, n=18]  

(Fig. A.10) (these regressions did not include d2Hdinosterol values from three lakes with high 

vegetation cover since the effects of local evaporation were inhibited).  

 

Discussion  

d2Hdinosterol values 

The slope of the d2Hdinosterol-GPCP relationship (-12.1±2.6 ‰ (mm d-1)-1) is similar to the 

d2Hlakewater-GPCP relationship (-10.1±2.4 ‰ (mm d-1)-1), both of which are steeper than the 

“amount effect” (-5.6±0.8 ‰ (mm d-1)-1) (Fig. 2) due to the enriching effects of evaporation. 

This aptly demonstrates how hydrologic conditions are reflected in the biomarker proxy 

dinosterol via the links between precipitation rate, evaporation, lake water isotopes, and algal 

lipid isotopes.  

The d2Hdinosterol-GPCP relationship [d2Hdinosterol = -12.1(±2.6)*P-211(±15), R2=0.59, 

p=0.0003, n=18] (Fig. 2) was very similar to d2Hdinosterol-P-E relationship [d2Hdinosterol = -
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9.7(±1.8)*(P-E)-265(±4), R2=0.54, p=0.0001, n=18] (Fig. A.9). This similarity is likely a result 

of the small range of OAFlux evaporation rates (3.5 to 4.9 mm d-1) compare to GPCP 

precipitation rates (3.5 to 8.1 mm d-1) across the sample sites. Indeed, the P-E spatial pattern is 

dominated by P in this region (Fig. 4 in Schanze et al., 2010). We propose that the d2Hdinosterol-

GPCP relationship can be used to calculate precipitation in the SPCZ region. 

 
 
Fig. 4. d2Hlakewater vs. d2Hdinosterol from 20 SPCZ lakes. Lakes in French Polynesia (pink) have the 
most 2H-enriched d2Hlakewater and d2Hdinosterol values. New Caledonia (light blue), Wallis Island 
(blue), Fiji (open purple), Samoa (yellow), and Vanuatu (green) lakes are less 2H-enriched. 
Lakes in the Solomon Islands (red) have the most 2H-depleted d2Hlakewater and d2Hdinosterol values. 
d2Hlakewater error bars are the estimated standard error of tropical lake water (±5 ‰, except 14 ‰ 
at Lake Emaotul, see text), d2Hdinosterol error bars are the standard deviations of multiple core-top 
values. Where only one core-top was measured, the pooled standard deviation is shown (±10.4 
‰ indicated by error bars with black dots). The dark and light shaded region represent the 95 % 
confidence and prediction intervals. Samples from lakes with high vegetation cover are indicated 
with crosses, and they are included in the regression (black line). To account for large errors in 
both axes, linear fits were determined using the maximum likelihood estimate method (York et 
al., 2004) incorporating bivariate analytical uncertainty (Thirumalai et al., 2011).  
Not shown ordinary least squares regression: y=1.1(±0.3)x-268(±5), R2=0.49, p=0.0005, n=20 
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The correlation between d2Hdinosterol and d2Hlakewater (Fig. 4) emphasizes that 

environmental water isotopes are the first order control on algal lipid isotopes. This is in 

agreement with numerous studies that show microorganism lipids track the isotopes of their 

environmental water in the lab (Dirghangi and Pagani, 2013a, 2013b; Englebrecht and Sachs, 

2005; Osburn et al., 2016; Paul, 2002; X. Zhang et al., 2009; Zhang and Sachs, 2007) and field 

(Huang et al., 2004; Polissar and Freeman, 2010; Sachs and Schwab, 2011; Sachse et al., 2012, 

2004; Sauer et al., 2001; Schwab et al., 2015a; Schwab and Sachs, 2011).  

The slope of the SPCZ d2Hlakewater - d2Hdinosterol relationship (1.9±0.3) is steeper than 

various (non-dinosterol) lipids from freshwater cultures of Chlorophyceae and 

Trebouxiophyceae which ranged from 0.7 to 1.0 (Zhang and Sachs, 2007). It is also steeper than 

the relationship of d2Hdinosterol between suspended particles and d2Hlakewater of freshwater lakes 

across Cameroon (0.7±0.2) and Cameroon lake sediments (1.5±0.3) (Schwab et al., 2015a). The 

Cameroon sediment samples were correlated with lake eutrophic conditions and hypothesized to 

be influenced by increased dinoflagellate heterotrophy or post-depositional d2Hdinosterol alterations 

(Schwab et al., 2015a). We note however, that if errors in SPCZ d2Hlakewater were ignored and a 

simple ordinary least squares regression was used for the freshwater SPCZ lakes, the relationship 

would be within error of both freshwater culture and Cameroon suspended particle data 

(1.1±0.3). Since sedimentary aquatic lipids incorporate several years of accumulation, better 

estimates of long-term mean values for d2Hlakewater and knowledge about the timing of dinosterol 

production in relation to d2Hlakewater could indicate if the SPCZ d2Hlakewater - d2Hdinosterol 

relationship is different than other freshwater algal lipids, or if it is a product of the regression 

technique used.  
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Non-hydrologic environmental factors including metabolism, growth rate or growth 

stage, irradiance, and species composition may contribute to the scatter in the SPCZ d2Hlakewater - 

d2Hdinosterol relationship. Differences in metabolic state can have a large impact on 2H/1H ratios in 

lipids, at least in prokaryotes (Heinzelmann et al., 2015; Osburn et al., 2016; X. Zhang et al., 

2009). Heterotrophic dinoflagellates can contribute to the sedimentary record (Amo et al., 2007) 

and the extent to which dinoflagellates utilize photoautotrophy versus heterotrophy to support 

cellular function could potentially influence d2Hdinosterol values at some sites more than others. In 

addition, differences in growth rate and phase (Chivall et al., 2014; Heinzelmann et al., 2015; 

Sachs and Kawka, 2015; Wolhowe et al., 2015, 2009; Z. Zhang et al., 2009) and irradiance 

(Sachs et al., 2017; van der Meer et al., 2015) are known to influence lipid-water 2H/1H 

fractionation so monitoring productivity and turbidity of lake waters could indicate if these 

factors play a role in SPCZ freshwater lakes. Furthermore, given the large diversity in dinosterol 

producing dinoflagellates (Janouškovec et al., 2016), it is likely that the large spatial and 

environmental distributions in this study harbor distinct species assemblages. While it isn’t 

possible to fully characterize any of these potential influences in our data, many lakes with 

diverse physical and chemical properties were targeted to capture the range of species, 

heterotrophy, light, and growth rate effects. Despite these influences that may be responsible for 

the scatter, the SPCZ d2Hlakewater - d2Hdinosterol relationship together with the robust empirical 

relationship between d2Hdinosterol and precipitation rates, supports the use of d2Hdinosterol as a proxy 

for hydrologic variations.  

 

 

 



	 102 

d2Hrain values and the amount effect 

Tropical precipitation isotope observations are sparse in space and time, but 

characterizing spatial variability in modern d2Hrain values is important for understanding controls 

on the isotopic composition of lake water and dinosterol. Several studies have already 

established a strong inverse relationship between precipitation amount and d2Hrain values in the 

tropics (Araguás-Araguás et al., 1998; Conroy et al., 2013; Dansgaard, 1964; Kurita et al., 2009; 

Rozanski et al., 1993), a relationship that is most robust over annual timescales (Conroy et al., 

2013) and when isotope data are compared to regional (as opposed to local) precipitation rates 

(Kurita et al., 2009).  

Multiple approaches specific to this study’s SPCZ lake sites demonstrate that the 

“amount effect” is a robust feature of precipitation isotopes. The SWING2 “amount effect” is 

about two times smaller (-2.3±0.6 ‰ (mm d-1)-1 (Fig. A.2c)), while the OIPC “amount effect” is 

about two times larger (-8.1±2.2 ‰ (mm d-1)-1 (Fig. A.2d)) than the relationship from 

GNIP/JAMSTEK station data across the entire tropical Pacific (-4.5±0.6 ‰ to -5.6±0.8 ‰ (mm 

d-1)-1) depending if local or regional precipitation rates are used Fig. A.2a,b). Recent 

advancements in isotope-incorporated general circulation models have greatly improved 

understanding of the behavior of water isotopes (Yoshimura, 2015) and advances in interpolation 

algorithms have aided prediction of water isotopes in remote areas (Bowen, 2010). Irrespective 

of the true relationship for the SPCZ “amount effect”, all three approaches indicate that higher 

mean SPCZ precipitation rates are associated with 2H-depleted precipitation. 
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d2Hlakewater values 

d2Hlakewater is correlated with GPCP precipitation rates with a steeper slope than GPCP-

d2Hrain due to evaporative enrichment (Fig. 2). The effects of evaporation are also apparent from 

the evolution of lakes along the SPCZ-wide LEL (Fig. 3). However, d2Hlakewater values are not 

well-correlated with mean ocean evaporation rates (Fig. A7). The dinosterol samples were better 

correlated with OAFlux evaporation (R2=0.24) than lake water samples (R2=0.05), which could 

indicate that the ocean evaporation product is not applicable to the lake sites in this study, or be a 

result of the greater timespan represented by dinosterol in core-top sediment (years) than lake 

water (weeks-months).  

Most of the lake water samples in this study represent snapshots in time and likely do not 

reflect mean annual d2Hlakewater. Additional sampling at these sites could help reveal true long 

term mean d2Hlakewater values. For instance, two visits to Lake Emaotul (Efate, Vanuatu) revealed 

a surprisingly large 20‰ change in d2Hlakewater values; the 2015 sample coincided with El Niño 

drought and the 2017 sample was collected shortly after Cyclone Donna which increased lake 

depth from 6 to 6.4 m.  

Some of the local variability in d2Hlakewater is related to lake catchment area and residence 

time (Henderson and Shuman, 2009; Leng and Marshall, 2004). The d2Hlakewater value from 

(aquatic vegetation-free) Red Lake (Thion, Vanuatu) was -17 ‰ but it’s larger neighbor White 

Lake (also aquatic vegetation-free) was 2H-enriched with a value of -10 ‰ (Table 1). The 

difference may be a due to Red Lake’s small volume, and potentially shorter residence time, 

responding more readily to sporadic 2H-depleted rain events, especially cyclones. On Wallis 

Island three nearby lakes, Lake Lalolalo, Lake Lanutavake, and Lake Lano were all vegetation 

free and had a 10 ‰ range in d2Hlakewater correlated with lake volume, reflecting the greater 
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impact that evaporation has on lakes with larger surface area to volume ratios. d2Hlakewater values 

vary by ~25 ‰ among 8 nearby Solomon Islands lakes; Rendova Island Harai lakes to the north 

were more 2H-depleted compared to the large Lake Rano in the south. This is likely due to the 

highlands in the north that contribute to the watershed for many of the Harai lakes compare to 

the lower-altitude catchment for Lake Rano. Clearly, several secondary factors influence 

d2Hlakewater values, and may partially obscure the relationship between OAFlux and d2Hlakewater. 

Nevertheless, the strong correlation between precipitation rates and d2Hlakewater and values (Fig. 

2) and between d2Hrain and d2Hlakewater values (Fig. A.10) indicates that d2Hrain (via precipitation 

rate) and evaporative enrichment are the primary influences on d2Hlakewater. 

 

Paleoclimate applications 

The ultimate goal of this study is to develop an empirical relationship between modern 

satellite precipitation and the lipid biomarker dinosterol as a tool for calculating pre-instrumental 

precipitation in the SPCZ from lake sediment records. d2Hdinosterol values have a remarkably 

strong empirical relationship with GPCP precipitation rates across the SPCZ (Fig. 2) despite 

potential sources of variability in lake water and lipid isotopes. Three steps are required to get 

from 1) precipitation rate to d2Hrain, 2) d2Hrain to d2Hlakewater, and 3) d2Hlakewater to d2Hdinosterol. 

Despite the indirect connection, the major hydrological patterns of the SPCZ are clearly reflected 

in the dinosterol biomarker from recent sediments and create a useful empirical relationship that 

can be applied at several sites. We propose that the SPCZ GPCP-d2Hdinosterol relationship from 

freshwater lakes in the SPCZ can be used as a transfer function for quantifying past regional 

precipitation rates in the SPCZ making the assumptions that the relationships between 

precipitation rates, precipitation isotopes, and evaporation rates remained constant through time. 
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The most straightforward approach to applying this calibration is re-arrangement of the 

modern GPCP-d2Hdinosterol relationship (Fig. 2) to calculate paleoprecipitation downcore: 

Pp = d2Hsample - I / S      [Eq. 1] 

where Pp is the calculated paleoprecipitation, d2Hsample is a downcore measurement, I is the 

intercept of the regression (-211), and S is the sensitivity of the regression (-12.1).  

Figure 5 quantifies the uncertainties of reconstructed precipitation rates to uncertainties 

in the slope and intercept errors from the calibration regression from Eq. 1 as well as analytical 

uncertainty in downcore d2Hsample measurements. Propagating these uncertainties using a Monte 

Carlo approach results in calculated precipitation errors about twice as large (±1.5 to 3.1 mm d-1) 

as errors in the modern SPCZ GPCP precipitation rates (±0.3 to 1.5 mm d-1). 

 The GPCP-d2Hdinosterol calibration offers the opportunity to extend estimates of large scale 

mean precipitation into the past within the SPCZ region. The best application would make use of 

sediment cores from multiple lakes from different areas of the SPCZ to map spatial patterns of 

precipitation changes through time.  

   
Fig. 5. Uncertainties in calculated precipitation. Calculated P (a) (thin black line) is shown for a 
range of hypothetical d2Hdinosterol values with uncertainties from three sources. Panel b) 
summarizes the magnitude of uncertainty in calculated P. Uncertainties were calculated using a 
Monte Carlo approach with 100,000 iterations with normally distributed errors from analytical 
uncertainty in d2Hdinosterol measurements (±8 ‰) (thick gray lines), plus calibration error in the 
slope (±2.6) (dark gray dashed lines), plus intercept errors (±15) (thick black lines). 
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Conclusions  

 This work investigated the environmental controls on the 2H/1H ratios of SPCZ lake 

waters and the dinoflagellate sterol dinosterol purified from recent freshwater lake sediments. 

The lakes in this study represent diverse freshwater ecosystems with varying physical and 

chemical parameters. The main controls on d2Hlakewater were precipitation rate and evaporation. 

Additional lake-specific environmental properties such as lake volume, water residence time, and 

catchment area likely contribute to d2Hlakewater variability in each region. While environmental 

and growth parameters such as light, growth rate, metabolism, and species composition likely 

contribute to d2Hdinosterol variability, we conclude that the main control on d2Hdinosterol was 

d2Hlakewater. The breadth of physical parameters that impact d2Hlakewater, combined with the range 

of environmental/growth processes that impact d2Hdinosterol, highlight the importance of sampling 

multiple lakes in each region. The empirical SPCZ GPCP-d2Hdinosterol relationship provides a 

method to quantitatively reconstruct past precipitation rates with uncertainties about 2-fold 

greater than GPCP uncertainties.  
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Chapter 3 Appendix A. Supplementary data 
 

 

Freshwater Site
Acc. 
time σ Elevation

Max. 
depth Area MAT OAFlux σ δ2Hrain σ

years years m m hector °C mm d-1 mm d-1 ‰ ‰
Rimatu'u Pond, Tetiaroa, French Polynesia ~0.5a 1 <1 9.0 25.8 4.03 0.35 -19.1 8.0
Oroatera Pond, Tetiaroa, French Polynesia 1 <1 0.3 25.8 4.04 0.35 -19.1 8.0
Onetahi Pond, Tetiaroa, French Polynesia#,^ < 10 1 <1 0.4 25.8 4.04 0.35 -19.2 8.0
Lake Tagamaucia, Teveuni, Fiji# 23 47 820 2.1 1.3* 25.8 4.03 0.36 -26.2 8.4
Grand Lac, Grande Terre, New Caledonia ~180-250 5 180 23.0 4.63 0.37 -17.8 6.1
Lake Hut, Grande Terre, New Caledonia ~180-250 2 4.4 23.1 4.64 0.37 -17.7 6.1
Otas Lake, Efate, Vanuatu 1 2.5 23 25.3 4.87 0.39 -25.5 7.8
Emaotul Lake, Efate, Vanuatu$ 4 119 10 59 25.2 4.89 0.39 -25.0 7.7
Small Pond, Efate, Vanuatu# 85 2.5 4.0 25.2 4.88 0.39 -25.1 7.7
Red Lake, Thion, Vanuatu 12 25 9 2.5 4.0 26.2 4.18 0.38 -28.7 9.2
White Lake, Thion, Vanuatu 13 38 9 17 6.5 26.2 4.18 0.38 -28.7 9.2
Waérowa East Lake, Espiritu Santo, Vanuatu# 1 3 11 1.8 11 26.0 4.34 0.39 -27.4 8.8
Waérowa West Lake, Espiritu Santo, Vanuatu# 11 7.5 26.0 4.34 0.39 -27.4 8.7
Bellmolle North Lake, Espiritu Santo, Vanuatu# 14 3.4 26.0 4.33 0.38 -27.4 8.8
Bellmolle Swamp, Espiritu Santo, Vanuatu# 10 0.4 26.0 4.33 0.38 -27.4 8.8
Bellmolle South Lake, Espiritu Santo, Vanuatu 8 1.1 26.0 4.33 0.38 -27.4 8.8
Buada Pond, Nauru$ 1 <1 5.3 27.7 3.54 0.41 -28.1 9.5
Lake Lanoto'o, Upolu, Samoa 5b 762 16 12 26.9 4.34 0.33 -29.1 9.8
Lake Lalolalo, Wallis 10 12 1 89 18 27.1 4.54 0.35 -31.4 10.2
Lake Lanutavake, Wallis 21 53 13 25 5.3 27.1 4.54 0.35 -31.4 10.2
Lake Lano, Wallis 3 4 1.9 27.1 4.54 0.35 -31.4 10.2
Lake Wanum, Papua New Guinea 10c 34 19 406 23.9 3.46 0.38 -39.7 9.6
Barora Pond, Tetepare, Solomon Islands 0.4 3 7 2.5 0.7 27.1 3.66 0.34 -42.2 11.4
Lake Tavara Tetepare, Solomon Islands 2 4 11 3.7 3.2 27.1 3.67 0.34 -42.4 11.4
Lake Rano, Rendova, Solomon Islands 3 6 34 11 54 27.1 3.72 0.34 -42.6 11.5
Harai Lake #1, Rendova, Solomon Islands 22 56 30 3 0.8 27.1 3.63 0.34 -42.7 11.4
Harai Lake #2, Rendova, Solomon Islands 10 5.3 1.5 27.1 3.63 0.34 -42.7 11.5
Harai Lake #3, Rendova, Solomon Islands 8 24 9 1.4 0.6 27.1 3.63 0.34 -42.7 11.4
Arundel Lake #1, Arundel, Solomon Islands 40 1.8 27.1 3.63 0.34 -43.4 11.5
Arundel Lake #2, Arundel, Solomon Islands 50 7.1 27.1 3.63 0.34 -43.3 11.6

*Likely connected to the other water bodies with a total of 16 hectors (Southern et al. 1985)

#High vegetation cover
^Manufactured
$Ephemeral

Table A.1. Estimated sediment accumulation time, elevation, depth, area, mean annual air temperature (NCEP/NCAR 1958-
2016), evaporation rate (OAFlux 1958-2016), and precipitation isotope values cacluated from the tropical Pacific "amount effect" 
using GPCP precipiation rates.

aTrichet et al. 2013
bHassall 2017
cHaberle 2002 (Tibito tephra dated to ~1660 at 30cm depth)
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Dating Methods 

Sediment cores were split at the University of Washington or LacCore. Age models 

for select cores were developed using radiocarbon and Lead-210 (210Pb) analysis. Terrestrial 

leaf fossils from the top 70 cm of 13 sediment cores were analyzed for radiocarbon ages 

with accelerator mass spectrometry. Leaf fossils were pre-treated with an acid-base-acid 

procedure (Brock et al., 2010) at the University of Washington before analyses at Direct 

AMS (Seattle, WA), or pretreated and analyzed at Australian National University or CAMS 

(LLNL, Livermore, CA) (Table A4). Radiocarbon ages were calibrated using SHCAL13 

(Hogg et al., 2013) and the SH1-2 bomb curve extension (Hua et al., 2013). 

Site Name Lat Lon
Elevation 

(m)
Station 
(mm/d)

SD 
(mm/d)

GPCP 
(mm/d)

SD 
(mm/d)

Wt.Mean 
δ2H (‰)

SD 
(‰)

Wt.Mean 
δ18O (‰)

SD 
(‰)

n 
δ2H Years sampled

Total 
years

Midway Island 28.22 -177.37 13 2.9 0.8 4.0 0.3 -12.27 6.59 -2.77 0.82 275 1962; '64; '66-69; '73-76; '78-80; '82-91 30
Hilo 19.72 -155.07 9 9.1 1.9 2.4 0.9 -5.78 3.84 -2.22 0.6 85 1962-64;67-69; 14
Wake Island 19.28 166.65 3 2.5 0.7 1.8 0.7 -8.71 6.4 -1.96 0.89 132 1962-69; '73; '75-76 11
Johnston Island 16.73 -169.52 2 1.9 0.6 1.3 0.6 -12.23 6.07 -2.48 0.73 90 1962-65; '73-76 8
Taguac 13.55 144.83 110 7.1 1.4 4.2 1.1 -29.5 5.88 -5 0.83 106 1962-66; '73-76 9
Yap 9.49 138.09 23 8.2 1.3 7.1 1.6 -34.25 4.31 -5.56 0.63 65 1969; '73-76 5
Truk 7.47 151.85 2 9.8 1.2 8.7 1.8 -32.38 6.29 -5.3 0.65 72 1968-69; '73-75 6
Palau (JAMSTEK) 7.0 134.3 2 7.0 4 2.0 0.7 -26.69 12.11 -4.52 1.56 48 2002-06 4
Chrsitmas Island 1.98 -157.46 3 1.0 0.8 7.2 1.6 -11.21 2.78 -2.41 0.36 23 1962-64 3
Bellavista -0.69 -90.32 194 3.1 2.1 0.8 0.4 -8.19 7.95 -2.25 1.07 143 1995-2005; '07-08 13
Jayapura -2.53 140.72 3 6.2 1.5 10.1 1.4 -33.47 9.61 -5.46 1.37 275 1962-63; 69-70; 73; 75-80; 82-83; 89 28
Canton Island -2.77 -171.72 2 2.1 1.0 2.9 0.9 -21.78 12.14 -3.69 1.74 50 1962-65 4
Madang -5.22 145.8 4 9.5 1.1 7.4 1.0 -49.79 2.81 -7.75 0.48 105 1969-70; '73-76; '78 13
Apia -13.8 -171.78 2 8.4 1.6 5.6 1.4 -23.9 5.55 -4.56 0.7 108 1963-66; '73-77 9
Rarotonga Island -21.2 -159.8 6 5.5 1.4 4.5 1.2 -24.94 6.46 -4.4 0.66 132 1980-83; '86-91 10
Easter Island -27.17 -109.43 41 3.0 0.7 1.6 0.7 -8.75 7.66 -2.23 1.07 286 1969; 1991-2009; '11-14 24

Table A.2. List of GNIP and JAMSTEK stations with at least 20 samples, 3 years, b/t 30N and 30S, Pacific Island only.

Model Key Reference Simulations Grid Resolution
ECHAM4 Hoffmann et al. 1998 Nudged ith ECMWF 2.8° x 2.8°
LMDZ4 Risi et al. 2010 Nudged with ECMWF 2.5° x 3.75°
GISS Schmidt et al. 2007 Nudged with NCEP 2° x 2.5°
GSM Yoshimura et al. 2008 Nudged with NCEP 1.9° x 1.9°

Table A.3. Nudged SWING2 models with reference, simulation, and grid resolution.
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Selected sediment intervals from the uppermost portion (12 to 90 cm) of eight 

sediment cores were analyzed for abundance of atmosphere derived 210Pb at Flett Research 

Ltd. or ANTSO (Australian Nuclear Science and Organization) facilities (Table A5). 

Detailed procedures are available in Atahan et al., (2014). Alpha spectrometry was used to 

measure total 210Pb indirectly from Polonium-210 (210Po) (the granddaughter of 210Pb which 

is in secular equilibrium with 210Pb within two years of deposition). Supported 210Pb was 

measured indirectly from Radium-226 measurements. Atmospheric-derived unsupported 

210Pb was calculated by subtracting supported 210Pb from total 210Pb. A constant rate of 

supply (CRS) model (Appleby and Oldfield, 1978) was used to construct 210Pb chronologies 

by relating exponential 210Pb decay profiles to the cumulative dry mass-depth profiles as 

determined using bulk density measurements. Uncertainty in ages from the CRS model were 

conservatively estimated to be 20% of the age in years (Binford, 1990), with a minimum 

uncertainty of ±1 yr. The 210Pb models were not validated with the independent tracer 

Cesium-137 due to limited sediment in these cores. Age-depth relationships were 

constructed using CRS modeled ages and radiocarbon ages using BACON v2.2 software 

(Blaauw and Christen, 2011). For all cores the topmost 0 cm age was assumed to be the 

same as collection date. The BACON chronologies were used and estimate the number of 

years and uncertainty in the 0-1cm section of these cores (Table A1). If age models were 

constructed for multiple cores from a lake, the average accumulation age and average 

uncertainty is reported. The uncertainties account for the fact that sediments could not 

accumulate after the collection date. 

 

Dating Results 
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 Leaf fossils picked from sediment core samples in the top 0-5cm show modern 

radiocarbon activity, confirming that the surface sediments in these lakes are recent. Leaf 

fossils from deeper in the sediments had older radiocarbon ages, indicating the cores are 

chronologically harmonious (Table A4). Unsupported 210Pb had decreasing profiles in most 

cores tested and CRS models allowed for the estimation of recent sediment ages (Table A5). 

210Pb activity was not detected in core SHAR2UC1 from Lake Harai #2 (Rendova, Solomon 

Islands), potentially due to high sand content or lack of recent accumulation. 210Pb activity 

was very low in core LATVKUC1 from Lake Lanutavake (Wallis), apart from the sample 

from 7-8cm, indicating fluctuations in grain size or potential mixing in the top of the core. 

Core SRANUC1 from Lake Rano (Rendova, Solomon Islands) had a decreasing 210Pb 

activity profile from 6-16cm. The non-decreasing profile in the top 4cm was assumed to be 

due to rapid sedimentation rate (which acts to dilute 210Pb activity) for the purposes of 

estimating sediment ages with the CRS model, however there is a possibility that the upper 

sediments were mixed. Accumulation time in years ranged from 0.4±3 years in Barora Pond 

(Tetepare, Solomon Islands), to ~ 20±50 years in Lake Tagimaucia (Taveuni, Fiji), Lake 

Lanuatavake (Wallis), and Harai Lake #1 (Rendova, Solomon Islands). Trichet et al., (2013) 

suggest that modern accumulation rates were around 2 cm per year in 1995 in Rimatu’u 

Pond (Tetiarora, French Polynesia), although sedimentation has been interrupted in the past 

during periods of high storm activity. Nearby Onetahi pond was manufactured in ~2010. 

Two radiocarbon dates from Emaotul indicate the 0-1 cm sample could contain 20 years of 

accumulation (Hope, 1996). Tagimaucia dates indicate sedimentation rates of 6-10 cm/yr 

(Southern, 1986). The presence of tephra in Lake Wanum sediment at 30cm assists with 

accumulation time estimate (Haberle, 2002). 
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Freshwater site Core ID Depth (cm)

Percent 
modern 
carbon ± 14C Age ± LAB

Lake Tagimaucia, Taveuni, Fiji TAG UC4 2.5 100.16 0.34 >Modern D
Lake Tagimaucia, Taveuni, Fiji TAG UC4 71.5 82.06 0.31 1588 30 D
Red Lake, Thion, Vanuatu VTR UC3 17.5 100.69 0.45 >Modern D
Red Lake, Thion, Vanuatu VTR UC3 5.5 122.8 1.2 >Modern D
Red Lake, Thion, Vanuatu VTR UC3 4.5 100.54 0.23 >Modern D
White Lake, Thion, Vanuatu VTW UC2 3.5 139.09 0.31 >Modern D
White Lake, Thion, Vanuatu VTW UC2 31.5 96.53 0.64 284 53 D
Lac Lalolalo, Wallis LALO UC22 1.5 106.45 0.26 >Modern D
Lac Lalolalo, Wallis LALO UC22 13.5 99.3 0.24 56 19 D
Lac Lalolalo, Wallis LALO UC5 41 97.58 0.32 197 26 D
Lac Lanutavake, Wallis LATVK UC1 14.5 96.88 0.52 255 43 D
Lac Lanutavake, Wallis LATVK UC1 36.5 92.34 0.35 640 30 D
Lac Lanutavake, Wallis LATVK UC4 3.25 142.38 0.51 >Modern C
Lac Lanutavake, Wallis LATVK UC4 26 94.9 0.25 420 21 D
Barora Pond, Tetepare, Solomon Islands SBAR UC2 1 113.26 0.43 >Modern C
Lake Tavara Tetepare, Solomon Islands STAV UC4 3.5 100.53 0.37 >Modern D
Lake Tavara Tetepare, Solomon Islands STAV UC2 0-5 103.34 >Modern S
Lake Rano, Rendova, Solomon Islands SRAN UC1 1 103.98 0.56 >Modern C
Lake Rano, Rendova, Solomon Islands SRAN UC1 15 97.55 0.3 199 25 D
Harai Lake #1, Rendova, Solomon Islands SHARI UC2 2 101.13 0.45 >Modern C
Harai Lake #1, Rendova, Solomon Islands SHARI UC2 24.5 95.52 0.34 368 29 D
Harai Lake #3, Rendova, Solomon Islands SHAR3 UC2 2 113.69 0.42 >Modern S
Harai Lake #3, Rendova, Solomon Islands SHAR3 UC2 44.5 95.08 405 25 S
Harai Lake #3, Rendova, Solomon Islands SHAR3 UC2 70.1 97.13 235 25 S
Harai Lake #3, Rendova, Solomon Islands SHAR3 UC2 70.1 96.64 275 25 S

Table A.4. Radiocarbon ages of fossil leafs from sediment cores. D=Direct AMS, C=CAMS, S=ANU
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Table A.5. 210-Pb results 

CORE Lab Depth (cm)

210Pb activity 
(Bq/kg) 

unsupported

Cumulative 
dry mass (g 

cm-2)
Modeled age 

(yr AD)
Lac Lalolalo, Wallis
LALOUC22 F 2 53.5 0.047 2007.2
LALOUC22 A 3.5 57.2 0.092 2002.0
LALOUC22 F 5.5 53.9 0.172 1991.0
LALOUC22 A 7 51.1 0.292 1962.8
LALOUC22 F 8 43.0 0.356 1930.9
LALOUC22 F 9 14.3 0.423 1902.2
LALOUC22 F 10 5.3 0.516 1858.5
LALOUC22 A 11 0.576
LALOUC22 F 12 0.647
LALOUC22 F 13.5 0.872
LALOUC22 A 20.5 1.208
LALOUC22 A 30 2.538
LALOUC22 A 35 3.638
LALOUC24 F 3.5 54.7 0.105 1972.4
LALOUC24 F 5.5 21.7 0.165 1947.6
LALOUC24 F 7 12.1 0.225 1913.8
LALOUC24 F 8 5.1 0.255 1898.0
LALOUC24 F 9.5 0.3
LALOUC24 F 11.5 0.38
LALOUC24 F 13.5 0.46
LALOUC24 F 16.5 0.58
LALOUC24 F 20.5 0.78
LALOUC24 F 24.5 0.98
LALOUC24 F 27 1.13
Lac Lanutavake, Wallis
LATVKUC1 A 4 9
LATVKUC1 A 8 98
LATVKUC1 A 12 10
LATVKUC1 A 16 15
Waérowa East Lake, Espiritu Santo, Vanuatu
VSWUC1 A 3.5 45 0.2 2008.9
VSWUC1 A 6.5 38 0.4 2006.0
VSWUC1 A 11.5 29 0.8 2000.0
VSWUC1 A 19.5 20 2.1 1977.8
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Table A.5. continued
Barora Pond, Tetepare, Solomon Islands
SBARUC2 A 1.5 47 0.2 2011.2
SBARUC2 A 3.5 46 0.4 2010.8
SBARUC2 A 5.5 44 0.8 2010.2
SBARUC2 A 13.5 43 3.0 2006.1
SBARUC2 A 24.5 37 6.8 1998.3
SBARUC2 A 30.5 30 8.7 1994.4
SBARUC2 A 40.5 19 11.6 1989.4
SBARUC2 A 50.5 18 14.8 1984.3
SBARUC2 A 70.5 18 22.1
SBARUC2 A 90.5 14 29.7
Lake Tavara Tetepare, Solomon Islands
STAVUC4 A 2.5 142 0.3 2006.9
STAVUC4 A 4.5 132 0.5 2003.0
STAVUC4 A 6.5 123 0.7 1998.8
STAVUC4 A 10.5 111 1.1 1989.4
STAVUC4 A 16.5 67 1.7 1974.0
STAVUC4 A 20.5 46 2.1 1963.6
STAVUC4 A 24.5 23 2.6 1952.4
STAVUC4 A 32.5 18 3.9 1922.5
Lake Rano, Rendova, Solomon Islands
SRANUC1 A 1.5 17 0.2 2010.6
SRANUC1 A 3.5 48 0.5 2007.7
SRANUC1 A 5.5 136 0.8 1991.4
SRANUC1 A 9.5 32 1.2 1964.9
SRANUC1 A 12.5 16 1.7 1944.1
SRANUC1 A 15.5 9 2.3 1911.8
SRANUC1 A 22.5 7 4.4
SRANUC1 A 30.5 14 7.6
Harai Lake #2, Rendova, Solomon Islands
SHAR2UC1 A 0.5 2 0.5
SHAR2UC1 A 6.5 not detected 6.5
SHAR2UC1 A 11.5 0.4 11.5
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Fig. A.1. Depth profiles of in situ measurements of temperature, conductivity, dissolved 
oxygen, and pH for several lakes in this study. Dates for each profile are listed in the legend 
in YYMMDD format. Dashed lines indicate duplicate lake profiles taken on different days 
and points for Lake Lalolalo represent data taken from water retrieved with a Niskin bottle 
and measured at the surface. Note different scales. Data from Wallis and Futuna from 
(Sichrowsky et al., 2014) and data from Samoa from (Hassall, 2017). 
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Fig. A.2. Precipitation rate (mm d-1) vs. d2Hrain from tropical Pacific observations (a-b), and 
SPCZ lakes sites in (c) models, or (d) the OIPC interpolation algorithm. (a) Amount-
weighted IAEA-GNIP and JAMSTEK d2Hrain vs. IAEA-GNIP and JAMSTEK local gauge 
precipitation rates. Error bars represent amount-weighed standard deviations in d2Hrain and 
standard deviations in precipitation rate measurements. Station data is from 16 tropical 
Pacific islands between 30°N and 30°S with 23 or more 2H/1H measurements spanning 3 or 
more years. (b) IAEA-GNIP and JAMSTEK d2HOBSERVrain vs. GPCPv2.3 mean annual 
Precipitation rate for the 1979-2016 period, x-axis errors are precipitation rate errors 
provided by GPCP. (c) Nudged SWING2 multi-model mean d2HSWING2rain vs. SWING2 
multi-model mean annual precipitation rates at all 30 lake sites. Errors indicate standard 
deviations between mean values from the four models. (d) d2HOIPCrain from the OIPC 
interpolation algorithm with 95 % confidence interval error bars (±47.5 %) vs. GPCP. To 
account for large errors in both axes, linear fits were determined using the maximum 
likelihood estimate method (York et al., 2004) incorporating bivariate analytical uncertainty 
(Thirumalai et al., 2011). Regressions are shown with 95 % confidence and prediction 
intervals (dark and light shading). 
Not shown ordinary least squares regressions:  
a) y=-2.7(±0.8)x-7(±5), R2=0.43, p=0.005, n=16  
b) y =-3.5(±0.7)x-6(±3), R2=0.67, p=0.0001, n=16 
c) y =-2.2(±0.3)x-20(±2), R2=0.68, p<<0.001, n=30  
d) y =-5.5(±0.6)x-3(±4), R2=0.72, p<<0.001, n=30 
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Fig. A.3. Maps of IsoGSM, LMDZ, ECHAM, and GISS (https://data.giss.nasa.gov/swing2/ 
& http://hydro.iis.u-tokyo.ac.jp/~kei/tmp/isogsm2/) nudged model mean precipitation rates 
(mm d-1) (left panels) and d2HSWING2rain (right panels) with locations of 29 SPCZ freshwater 
lake water samples (white triangles) and 21 freshwater lake sediment samples (red squares). 
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a) 

 
b) 

 
Fig. A.4. Mean annual NCAR reanalysis air temperature for the 1958-2016 period on a 2.5 ° 
x 2.5 ° grid (http://www.esrl.noaa.gov/psd/). (a) Locations of 29 SPCZ freshwater lake water 
samples (open white triangles) and 22 freshwater lake sediment samples (red squares); 
contours and shading show mean annual air temperature. (b) Mean annual air temperature 
time series from lake sites in each major SPCZ area arranged roughly from west to east. 
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a) 

 
b) 

 
Fig. A.5. GPCPv2.3 precipitation (http://www.esrl.noaa.gov/psd/). (a) Precipitation rate 
(mm d-1) at lake sites in each major SPCZ area in this study arranged roughly from west to 
east (b) monthly means during the 1979-2017 period. 

 

R
ai

n 
ra

te
 (m

m
/d

ay
)

0
5

10
15

20
25 PNG Solomon Islands Nauru

R
ai

n 
ra

te
 (m

m
/d

ay
)

0
5

10
15

20
25 New Caledonia Vanuatu Fiji

Time

R
ai

n 
ra

te
 (m

m
/d

ay
)

1980 1990 2000 2010

0
5

10
15

20
25 Wallis

Time

Samoa

Time

French Polynesia

R
ai

n 
ra

te
 (m

m
/d

ay
)

0
5

10
15

20
25 PNG Solomon Islands Nauru

R
ai

n 
ra

te
 (m

m
/d

ay
)

0
5

10
15

20
25 New Caledonia Vanuatu Fiji

Time

R
ai

n 
ra

te
 (m

m
/d

ay
)

1980 1990 2000 2010

0
5

10
15

20
25 Wallis

Time

Samoa

Time

French Polynesia

Year

GP
CP

	ra
in
fa
ll	
ra
te
	(m

m
/d
ay
)

R
ai

n 
ra

te
 (m

m
/d

ay
)

0
5

10
15

20
25 PNG Solomon Islands Nauru

R
ai

n 
ra

te
 (m

m
/d

ay
)

0
5

10
15

20
25 New Caledonia Vanuatu Fiji

Time
R

ai
n 

ra
te

 (m
m

/d
ay

)
1980 1990 2000 2010

0
5

10
15

20
25 Wallis

Time

Samoa

Time

French Polynesia

PNG0
2

4
6

8
10

Solomon Islands Nauru

New Caledonia0
2

4
6

8
10

G
PC

P 
m

ea
n 

ra
in

fa
ll 

(m
m

/d
ay

)

Vanuatu Fiji

Wallis

2 4 6 8 10 12

0
2

4
6

8
10

MonthMonth

Samoa

2 4 6 8 10 12

French Polynesia

2 4 6 8 10 12



	 121 

 
 
Fig. A.6. Mean annual ocean evaporation rates for the 1958-2016 period from OAFlux (Yu 
et al., 2008) on a 1 ° x 1 ° grid (http://oaflux.whoi.edu/evap.html ) with locations of 29 
SPCZ freshwater lake water samples (open white triangles) and 21 freshwater lake sediment 
samples (red squares). 
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Fig. A.7. Relationships between mean annual evaporation rate (mm d-1) for the 1958-2016 
period from OAFlux (Yu et al., 2008) (http://oaflux.whoi.edu/evap.html ) and d2Hlakewater or 

d2Hdinosterol. Plotted on the left-axis is lake-averaged d2Hdinosterol (red squares) from 18 lakes. 
Also shown are 3 lakes with high vegetation cover not included in regressions (red crosses). 
On the right axis: lake-averaged d2Hlakewater (white triangles) from 22 lakes. Also shown are 
7 lakes with high vegetation cover (black crosses) that are not included in regressions. X-
axis error bars represent estimated systematic mean errors in evaporation provided by 
OAFlux. d2Hlakewater error bars are the estimated standard error of tropical lake water (±5 ‰, 
except 14 ‰ at Lake Emaotul), and d2Hdinosterol error bars are the standard deviations of 
multiple core-top values, except when only one core-top was measured then the pooled 
standard deviation calculated from lakes with multiple core-tops is shown (±10.4 ‰ 
indicated by error bars with black dashes). To account for large errors in both axes, linear 
fits were determined using the maximum likelihood estimate method (York et al., 2004) 
incorporating bivariate analytical uncertainty (Thirumalai et al., 2011) (solid red line and 
dotted gray line which was significant below the p=0.05 level but not using an ordinary least 
squares regression). Regressions are shown with 95 % confidence and prediction intervals 
(dark and light shading). 
Not shown ordinary least squares regressions:  
d2Hlakewater  = 6(±6)*E-38(±24), R2=0.05, p=0.3, n=22 
d2Hdinosterol = 22(±10)*E-374(±40), R2=0.24, p=0.04, n=18  
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Fig. A.8. The hydrogen and oxygen isotope composition of precipitation isotopes in (a) the 
south tropical Pacific from IAEA/GNIP (https://nucleus.iaea.org/wiser/) station monthly 
data and (b) from islands in this study and published data from nearby SPCZ islands. SPCZ 
rain events (blue circles) and SPCZ groundwater (black circles) are as in Fig. 3 in the main 
text. The red (light blue) GNIP Apia (Madang) circle (diamond) in (b) is the amount-
weighted mean of all monthly rain samples. The open gray circles are rainfall samples 
collected in Tabubil, Papua New Guinea between 2003-2006 from Ferguson et al. (2011) 
(data available in Ferguson 2007). The dark pink open circles are from rain samples and 
closed pink circles are ground waters collected on Tahiti-Nui between 2000-2001 from 
Hildenbrand et al. (2005). The bright green arrow indicates the estimated d2H value given 
the d18O value of cave drip water from Espirato Santo, Vanuatu collected in 2011 (Partin et 
al. 2011), and the cyan arrow indicates the estimated d2H value given the mean d18O value 
of 3 cave drip water samples collected in 2010 from 2 caves on Guadalcanal, Solomon 
Islands (Maupin et al. 2014).  
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Fig. A.9. Relationships between P-E (mm d-1) and d2Hlakewater or d2Hdinosterol (P-E = GPCP 
mean annual precipitation rate for the 1979-2016 period - OAFlux mean annual evaporation 
rate for the 1958-2016 period). Plotted on the left-axis is lake-averaged d2Hdinosterol (red 
squares) from 18 lakes. Also shown are 3 lakes with high vegetation cover not included in 
regressions (red crosses). On the right axis: lake-averaged d2Hlakewater (white triangles) from 
22 lakes. Also shown are 7 lakes with high vegetation cover (black crosses) that are not 
included in regressions. X-axis error bars are propagated errors provided by GPCP and 
OAFlux. d2Hlakewater error bars are the estimated standard error of tropical lake water (±5 ‰, 
except 14 ‰ at Lake Emaotul), and d2Hdinosterol error bars are the standard deviations of 
multiple core-top values, except when only one core-top was measured then the pooled 
standard deviation calculated from lakes with multiple core-tops is shown (±10.4 ‰ 
indicated by error bars with black dashes). To account for large errors in both axes, linear 
fits were determined using the maximum likelihood estimate method (York et al., 2004) 
incorporating bivariate analytical uncertainty (Thirumalai et al., 2011). Regressions (sold 
red or gray lines) are shown with 95 % confidence and prediction intervals (dark and light 
shading). Not shown ordinary least squares regressions: d2Hlakewater  = -3.0(±1.2)*E-6(±3), 
R2=0.23, p=0.02, n=22 & d2Hdinosterol = -7.6(±1.7)*E-267(±5), R2=0.54, p=0.0004, n=18  
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Fig. A.10. Relationships between d2Hrain and d2Hlakewater or d2Hdinosterol. d2Hrain was calculated 
using the GPCP rainfall at each lake site and the Tropical Pacific “amount effect” 
relationship between GNIP/JAMSTEK station data and GPCP rainfall rates [d2Hrain = -
5.6(±0.8)*P+2(±4), R2=0.81, p<0.001, n=16 (Fig. A.2 and main text Fig. 2). Plotted on the 
left-axis is lake-averaged d2Hdinosterol (red squares) from 18 lakes. Also shown are 3 lakes 
with high vegetation cover not included in regressions (red crosses). On the right axis: lake-
averaged d2Hlakewater (white triangles) from 22 lakes. Also shown are 7 lakes with high 
vegetation cover (black crosses) that are not included in regressions. X-axis error bars were 
calculated using a Monte Carlo approach with 10000 iterations and account for errors from 
GPCP rainfall estimates plus errors in the slope and intercept of the “amount effect” 
relationship. d2Hlakewater error bars are the estimated standard error of tropical lake water (±5 
‰, except 14 ‰ at Lake Emaotul), and d2Hdinosterol error bars are the standard deviations of 
multiple core-top values, except when only one core-top was measured then the pooled 
standard deviation calculated from lakes with multiple core-tops is shown (±10.4 ‰ 
indicated by error bars with black dashes). To account for large errors in both axes, linear 
fits were determined using the maximum likelihood estimate method (York et al., 2004) 
incorporating bivariate analytical uncertainty (Thirumalai et al., 2011). Regressions (sold 
red or gray lines) are shown with 95 % confidence and prediction intervals (dark and light 
shading). 
Not shown ordinary least squares regressions:  
d2Hlakewater = 0.7(±0.3)*d2Hrain+10 (±8), R2=0.27, p=0.01, n=22 
d2Hdinosterol = 1.7(±0.4)*d2Hrain-227(±12), R2=0.58, p=0.0002, n=18  
 
  

 δ
2 H d

in
os

te
ro

l (
‰

 V
SM

O
W

)

●

●

●●

●●

●●

●

●

●

●●

●

●
●

●

●

●

●

●●

−25

25
 δ

2H
lakewater  (‰

 VSM
O

W
)

δ2Hlakewater = 2.6(±1.1)*δ2Hrain+63(±30), R2=0.28 p=0.02 n=22
δ2Hdinosterol = 2.5(±0.8)*δ2Hrain−206(±23), R2=0.59 p=0.005 n=18

−325

−275

−60 −50 −40 −30 −20 −10 0
 δ2Hrain (‰ VSMOW)



	 126 

Chapter 3 Appendix B. Supplementary data 

 
 

Table B1. Individual sediment samples

# Site Name δ2H SD n
Core Section 

ID
Collection 

Date
Sediment 

Depth Technique

Water 
Depth 

(m) Latitude Longitude
1 Rimatu'u Pond, Tetiaroa, French Polynesia -240 3 3 RimPond 150328 0-0.5cm Hand grab ~0.5 -17.02489 210.441721
2 Rimatu'u Pond, Tetiaroa, French Polynesia -236 17 2 wpt 36 151021 0-2cm Hand grab ~0.5 -17.02489 210.441721
3 Rimatu'u Pond, Tetiaroa, French Polynesia -264 5 2 wpt 37 151021 0-2cm Hand grab ~0.5 -17.02431 210.441626
4 Oroatera Pond, Tetiaroa, French Polynesia -274 6 4 wpt 33 151021 0-2cm Hand grab ~0.5 -16.99580 210.459125
5 Oroatera Pond, Tetiaroa, French Polynesia -228 8 2 wpt 35 151021 0-2cm Hand grab ~0.5 -16.99563 210.459061
6 Onetahi Pond, Tetiaroa, French Polynesia -284 8 3 SpaPond 151026 0-2cm Hand grab ~0.5 -17.02074 210.408133
7 Lake Tagamaucia, Teveuni, Fiji -281 4 3 TAG UC3 110504 0-1cm Universal Corer 2.2 -16.81630 180.060124
8 Lake Tagamaucia, Teveuni, Fiji -286 1 3 TAG UC4 110504 0-1cm Universal Corer 2.2 -16.81630 180.060140
9 Lake Tagamaucia, Teveuni, Fiji* -253 6 4 algal matt 110502 0-1cm Hand grab 0 -16.81486 180.059138

10 Grand Lac, Grande Terre, New Caledonia -284 1 3 GRL-U1 130723 0-1cm UWITEC gravity core 2.9 -22.27033 166.909367
11 Lake Hut, Grande Terre, New Caledonia -273 1 3 LHT-U2 130724 0-1cm UWITEC gravity core 4.7 -22.26085 166.952550
11 Lake Hut, Grande Terre, New Caledonia (replicate) -261 4 3 LHT-U2 130724 0-1cm UWITEC gravity core 4.7 -22.26085 166.952550
12 Otas Lake, Efate, Vanuatu -260 6 4 VEO UC6 120620 0-1cm Universal Corer 2.3 -17.69450 168.584950
13 Otas Lake, Efate, Vanuatu -265 8 4 VEO UC7 120620 0-1cm Universal Corer 2.3 -17.69738 168.584423
14 Emaotul Lake, Efate, Vanuatu -259 2 3 VTEFVR 950107 0-1cm D-section peat borer 0 -17.73160 168.414850
15 Emaotul Lake, Efate, Vanuatu -271 2 3 VAN G5 150910 0-2cm UWITEC gravity core 6 -17.7299 168.415462
16 Emaotul Lake, Efate, Vanuatu -268 4 3 VAN G7 150910 0-2cm UWITEC gravity core 6.4 -17.7299 168.415462
17 Red Lake, Thion, Vanuatu -255 20 3 VTR UC1 120627 0-1cm Universal Corer 2.4 -15.03245 167.090017
18 Red Lake, Thion, Vanuatu -262 14 5 VTR UC3 120627 0-1cm Universal Corer 2.5 -15.03283 167.089917
19 Red Lake, Thion, Vanuatu -238 6 3 VTR UC5 120702 0-1cm Universal Corer 2.3 -15.03257 167.090133
20 White Lake, Thion, Vanuatu -265 8 3 VTW UC1 120626 0-1cm Universal Corer 17.3 -15.04103 167.089150
21 White Lake, Thion, Vanuatu -272 9 5 VTW UC2 120626 0-1cm Universal Corer 17.1 -15.04105 167.089133
22 White Lake, Thion, Vanuatu -266 5 6 VTW UC5 120702 0-1cm Universal Corer 17 -15.04118 167.089217
23 Wairowa Lake, Espiritu Santo, Vanuatu -292 2 4 VSW UC1 120622 0-1cm Universal Corer 1.6 -15.59503 167.078750
24 Lake Lanoto'o, Upolu, Samoa -290 1 4 LAN13 130717 0-2cm UWITEC gravity core 17? -13.91033 188.172700
25 Lake Lanoto'o, Upolu, Samoa -276 10 10 LAN14 U1 140930 0-1cm UWITEC gravity core 17? -13.91088 188.172600
26 Lake Lanoto'o, Upolu, Samoa -291 7 4 LAN14 U2 140930 0-1cm UWITEC gravity core 17? -13.91088 188.172600
27 Lac Lalolalo, Wallis -300 4 3 LALO UC5 110511 0-1cm Universal Corer 17 -13.30245 183.766533
27 Lac Lalolalo, Wallis (replicate) -297 1 3 LALO UC5 110511 0-1cm Universal Corer 17 -13.30245 183.766533
28 Lac Lalolalo, Wallis -293 6 4 LALO UC16 110514 0-1cm Universal Corer 26 -13.30157 183.768134
29 Lac Lalolalo, Wallis -289 5 6 LALO UC22 110519 0-1cm Universal Corer 23 -13.30168 183.768083
30 Lac Lalolalo, Wallis -288 3 3 LALO UC24 110519 0-1cm Universal Corer 24 -13.30168 183.768039
31 Lac Lanutavake, Wallis -295 4 3 LATVK UC1 110518 0-1cm Universal Corer 23.3 -13.32118 183.786021
32 Lac Lanutavake, Wallis -287 5 6 LATVK UC3 110519 0-1cm Universal Corer 23.2 -13.32110 183.786139
33 Lac Lanutavake, Wallis -280 4 3 LATVK UC4 110519 0-1cm Universal Corer 23.2 -13.32115 183.786132
34 Lac Lanutavake, Wallis -286 5 3 LATVK UC6 110519 0-1cm Universal Corer 22.9 -13.32102 183.786298
35 Lake Wanum, Papua New Guinea -292 12 3 WB 0-1 1999 May 0-1cm Universal Corer 6 -6.63348 146.796589
36 Barora Pond, Tetepare, Solomon Islands -307 7 4 SBAR UC2 110617 0-1cm Universal Corer 2.4 -8.72232 157.600450
37 Barora Pond, Tetepare, Solomon Islands -285 1 3 SBAR UC3 110617 0-1cm Universal Corer 2.5 -8.72232 157.600450
38 Lake Tavara Tetepare, Solomon Islands -312 3 3 STAV UC1 110615 0-1cm Universal Corer 3.7 -8.70287 157.450267
39 Lake Tavara Tetepare, Solomon Islands -317 2 3 STAV UC4 110615 0-1cm Universal Corer 3.7 -8.70277 157.450167
40 Lake Rano, Rendova, Solomon Islands -269 3 6 SRAN UC1 110620 0-1cm Universal Corer 11.8 -8.68793 157.324267
41 Lake Rano, Rendova, Solomon Islands -280 4 6 SRAN UC8 110621 0-1cm Universal Corer 8 -8.69518 157.319067
42 Harai Lake #2, Rendova, Solomon Islands -287 3 3 SHAR2 UC1 110624 0-1cm Universal Corer 5.3 -8.56840 157.368383
43 Harai Lake #2, Rendova, Solomon Islands -305 5 3 SHAR2 UC2 110624 0-1cm Universal Corer 5.2 -8.56842 157.368300
44 Harai Lake #3, Rendova, Solomon Islands -312 5 3 SHAR3 UC2 110625 0-1cm Universal Corer 1.4 -8.56481 157.365120
45 Harai Lake #1, Rendova, Solomon Islands -316 8 3 SHAR1 UC2 110623 0-1cm Universal Corer 3.4 -8.56218 157.355550

*microbial matt ontop floating peat sedge, no gps, position estimated, not used in regression or lake average
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Table B2. Individual water samples

Sample type Site Sample ID
Depth 

(m) Salinity Date Lat Lon δ18O SD δ2H SD
Freshwater Lake Rimatu'u Pond, Tetiaroa, French Polynesia T_1 0 0 150328 -17.02489 210.44172 2.9 0.3 13.0 1.3
Freshwater Lake Rimatu'u Pond, Tetiaroa, French Polynesia (replicate) T_2 0 0 150328 -17.02489 210.44172 3.0 0.3 13.2 1.3
Freshwater Lake Rimatu'u Pond, Tetiaroa, French Polynesia T_37 0 0 151021 -17.02431 210.44163 2.7 0.3 18.9 1.3
Freshwater Lake Oroatera Pond, Tetiaroa, French Polynesia T_33 0 0 151021 -16.99580 210.45913 4.1 0.3 22.9 1.3
Freshwater Lake Oroatera Pond, Tetiaroa, French Polynesia (replicate) T_35 0 0 151021 -16.99563 210.45906 4.2 0.3 23.2 1.3
Freshwater Lake Onetahi Pond, Tetiaroa, French Polynesia T_a 0 0 151026 -17.02074 210.40813 0.5 0.3 2.7 1.3
Freshwater Lake Onetahi Pond, Tetiaroa, French Polynesia (replicate) T_b 0 0 151026 -17.02074 210.40813 0.4 0.3 2.7 1.3
Freshwater Lake Lake Tagamaucia, Teveuni, Fiji F_4 0 0 110502 -16.81433 180.05865 -3.6 0.3 -15.7 1.3
Freshwater Lake Lake Tagamaucia, Teveuni, Fiji F_13 0 0 110502 -16.81610 180.05991 -3.3 0.3 -16.4 1.3
Freshwater Lake Lake Tagamaucia, Teveuni, Fiji F_15 1.5 0 110502 -16.81637 180.06004 -3.6 0.3 -15.5 1.3
Freshwater Lake Lake Tagamaucia, Teveuni, Fiji F_8 0 0 110502 -16.81637 180.06004 -3.5 0.3 -15.3 1.3
Freshwater Lake Lake Tagamaucia, Teveuni, Fiji F_30 1.9 0 110505 -16.81610 180.05991 -3.9 0.3 -17.8 1.3
Freshwater Lake Lake Tagamaucia, Teveuni, Fiji F_31 0 0 110504 -16.81610 180.05991 -3.9 0.3 -16.7 1.3
Freshwater Lake Grand Lac, Grande Terre, New Caledonia NC_a 0 0 130723 -22.27033 166.90937 -3.37 0.3 -15.4 1.3
Freshwater Lake Grand Lac, Grande Terre, New Caledonia NC_b 0 0 130723 -22.27033 166.90937 -3.36 0.3 -15.5 1.3
Freshwater Lake Lake Hut, Grande Terre, New Caledonia NC_c 0 0 130724 -22.26085 166.95255 -3.19 0.3 -15.2 1.3
Freshwater Lake Otas Lake, Efate, Vanuatu V_5 0 0 120618 -17.69652 168.58430 -0.9 0.3 -8.0 1.3
Freshwater Lake Emaotul Lake, Efate, Vanuatu VAN_1 0 0 170516 -17.73421 168.41546 -3.8 0.3 -25.6 1.3
Freshwater Lake Emaotul Lake, Efate, Vanuatu VAN_2 0 0 150920 -17.73213 168.41360 -0.5 0.3 -5.2 1.3
Freshwater Lake Small	Pond,	Efate,	Vanuatu V_6 0 0 120619 -17.73417 168.45307 -3.8 0.3 -20.1 1.3
Freshwater Lake Red Lake, Thion, Vanuatu V_31 0 0 120702 -15.03272 167.09013 -2.4 0.3 -16.7 1.3
Freshwater Lake Red Lake, Thion, Vanuatu V_24 0 0 120625 -15.03370 167.08907 -2.4 0.3 -15.8 1.3
Freshwater Lake White Lake, Thion, Vanuatu V_30 0 0 120702 -15.04127 167.08897 -1.2 0.3 -9.9 1.3
Freshwater Lake White Lake, Thion, Vanuatu V_23 0 0 120625 -15.04008 167.08830 -1.3 0.3 -10.2 1.3
Freshwater Lake Waérowa East Lake, Espiritu Santo, Vanuatu V_13 0 0 120622 -15.59505 167.07878 -4.6 0.3 -27.2 1.3
Freshwater Lake Waérowa West Lake, Espiritu Santo, Vanuatu V_12 0 0 120621 -15.59510 167.07257 -3.2 0.3 -19.5 1.3
Freshwater Lake Bellmolle North Lake, Espiritu Santo, Vanuatu V_9 0 0 120621 -15.58297 167.11178 -3.5 0.3 -20.7 1.3
Freshwater Lake Bellmolle Swamp, Espiritu Santo, Vanuatu V_10 0 0 120621 -15.58390 167.10162 -4.2 0.3 -22.7 1.3
Freshwater Lake Bellmolle South Lake, Espiritu Santo, Vanuatu V_11 0 0 120621 -15.58842 167.10190 -2.2 0.3 -15.3 1.3
Freshwater Lake Nauru, Badua Pond N_a 0 0 100215 -0.53467 166.92228 -2.4 0.3 -19.7 1.3
Freshwater Lake Nauru, Badua Pond (replicate) N_b 0 0 100215 -0.53467 166.92228 -2.4 0.3 -19.8 1.3
Freshwater Lake Lake Lanoto'o, Upolu, Samoa 2013 A 0 0 130717 -13.91033 188.17270 -3.19 0.3 -19.0 1.3
Freshwater Lake Lake Lanoto'o, Upolu, Samoa 2013 B 0 0 130717 -13.91033 188.17270 -3.16 0.3 -18.7 1.3
Freshwater Lake Lake Lanoto'o, Upolu, Samoa 2014 S 0 0 140930 -13.91088 188.17260 -2.62 0.3 -15 1.3
Freshwater Lake Lake Lanoto'o, Upolu, Samoa 2014 B 16.4 0 140930 -13.91088 188.17260 -2.89 0.3 -17.3 1.3
Freshwater Lake Lac Lalolalo, Wallis W_25 0 0 110510 -13.30153 183.76512 -1.6 0.04 -12.1 0.53
Freshwater Lake Lac Lalolalo, Wallis W_26 0 0 110510 -13.29928 183.76617 -1.7 0.04 -13.1 0.53
Freshwater Lake Lac Lalolalo, Wallis W_52 0 0 110512 -13.30082 183.76583 -1.8 0.04 -12.4 0.53
Freshwater Lake Lac Lalolalo, Wallis W_48 0 0 110514 -13.30053 183.76615 -1.8 0.04 -12.5 0.53
Freshwater Lake Lac Lalolalo, Wallis W_121 0 0 110517 -13.30123 183.76832 -1.6 0.04 -11.7 0.53
Freshwater Lake Lac Lalolalo, Wallis W_133 0 0 110522 -13.30000 183.76512 -1.6 0.04 -12.1 0.53
Freshwater Lake Lac Lanutavake, Wallis W_35 0 0 110516 -13.32073 183.78508 -0.7 0.04 -5.9 0.53
Freshwater Lake Lac Lanutavake, Wallis W_113 0 0 110516 -13.32143 183.78592 -0.6 0.04 -5.9 0.53
Freshwater Lake Lac Lanutavake, Wallis W_108 0 0 110516 -13.32143 183.78592 -0.6 0.04 -6.1 0.53
Freshwater Lake Lac Lanutavake, Wallis W_169 0 0 110517 -13.32143 183.78592 -0.6 0.04 -5.7 0.53
Freshwater Lake Lac Lanutavake, Wallis W_180 0 0 110519 -13.32143 183.78592 -0.6 0.04 -5.9 0.53
Freshwater Lake Lac Lanutavake, Wallis W_136 0 0 110520 -13.32143 183.78592 -0.4 0.04 -5.4 0.53
Freshwater Lake Lac Lano, Wallis W_188 0 0 110518 -13.29423 183.75974 0.4 0.04 -2.4 0.53
Freshwater Lake Barora Pond, Tetepare, Solomon Islands SI_6 0 0 110617 -8.72203 157.60068 -4.3 0.3 -23.5 1.3
Freshwater Lake Barora Pond, Tetepare, Solomon Islands SI_8 2.5 0 110618 -8.72232 157.60045 -4.6 0.3 -24.8 1.3
Freshwater Lake Lake Tavara Tetepare, Solomon Islands SI_1 0 0 110615 -8.70153 157.44993 -4.8 0.3 -26.1 1.3
Freshwater Lake Lake Tavara Tetepare, Solomon Islands SI_2 0 0 110615 -8.70287 157.45027 -4.7 0.3 -25.2 1.3
Freshwater Lake Lake Tavara Tetepare, Solomon Islands SI_34 3.4 0 110615 -8.70287 157.45027 -4.7 0.3 -25.0 1.3
Freshwater Lake Lake Rano, Rendova, Solomon Islands SI_12 0 0 110620 -8.69552 157.31818 -1.9 0.3 -11.7 1.3
Freshwater Lake Lake Rano, Rendova, Solomon Islands SI_13 0 0 110620 -8.69530 157.31873 -1.8 0.3 -11.1 1.3
Freshwater Lake Lake Rano, Rendova, Solomon Islands SI_15 11 0 110622 -8.68852 157.32480 -2.3 0.3 -13.6 1.3
Freshwater Lake Harai Lake #2, Rendova, Solomon Islands SI_23 0 0 110624 -8.56857 157.36827 -1.5 0.3 -12.1 1.3
Freshwater Lake Harai Lake #3, Rendova, Solomon Islands SI_27 0 0 110625 -8.56473 157.36515 -5.1 0.3 -27.2 1.3
Freshwater Lake Harai Lake #1, Rendova, Solomon Islands SI_18 0 0 110623 -8.56215 157.35557 -5.5 0.3 -28.5 1.3
Freshwater Lake Arundel Lake #1, Arundel, Solomon Islands SI_29 0 0 110628 -8.19168 157.17925 -3.6 0.3 -21.0 1.3
Freshwater Lake ArundelLake #2, Arundel, Solomon Islands SI_30 0 0 110628 -8.20597 157.18235 0.1 0.3 -3.9 1.3
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Table B2. Individual water samples continued

Sample type Site Sample ID
Depth 

(m) Salinity Date Lat Lon δ18O SD δ2H SD
Rain event Tetiaroa, French Polynesia Train.1 0 150222 -17.01638 210.41048 -2.9 0.3 -10.6 1.3
Rain event Tetiaroa, French Polynesia (duplicate) Train.2 0 150222 -17.01380 210.41048 -2.8 0.3 -9.7 1.3
Rain event Tetiaroa, French Polynesia Train.3 0 160130 -17.01380 210.41048 -4.7 0.3 -26.6 1.3
Rain event Teveuni, Fiji F_1 0 110502 -16.81237 180.05475 -3.8 0.3 -15.6 1.3
Rain event Teveuni, Fiji (duplicate) F_11 0 110502 -16.81237 180.05475 -3.9 0.3 -15.8 1.3
Rain event Teveuni, Fiji F_14 0 110502 -16.81423 180.05852 -3.7 0.3 -15.1 1.3
Rain event Teveuni, Fiji F_16 0 110502 -16.80032 179.99201 -4.8 0.3 -24.0 1.3
Rain event Teveuni, Fiji F_19 0 110502 -16.81423 180.05852 -4.0 0.3 -16.1 1.3
Rain event Teveuni, Fiji F_45 0 110503 -16.80032 179.99201 -6.4 0.3 -40.4 1.3
Rain event Teveuni, Fiji F_22 0 110504 -16.81423 180.05852 -5.5 0.3 -31.6 1.3
Rain event Teveuni, Fiji F_23 0 110505 -16.81423 180.05852 -4.2 0.3 -19.1 1.3
Rain event Lakeba, Fiji F_124 0 110530 -18.24095 181.19001 -2.2 0.3 -5.3 1.3
Rain event Lakeba, Fiji F_159 0 110530 -18.24095 181.19001 -2.35 0.3 -5.8 1.3
Rain event Lakeba, Fiji F_208 0 110530 -18.24095 181.19001 0.1 0.3 7.2 1.3
Rain event Lakeba, Fiji F_128 0 110530 -18.17611 181.19723 -0.7 0.3 3.2 1.3
Rain event Vanua Balavu, Fiji F_189 0 110603 -17.30316 181.01141 -3.3 0.3 -10.2 1.3
Rain event Vanua Balavu, Fiji F_185 0 110604 -17.30316 181.01141 -2.4 0.3 -4.6 1.3
Rain event Vanua Balavu, Fiji F_139 0 110606 -17.30316 181.01141 -2.2 0.3 -4.4 1.3
Rain event Efate, Vanuatu V_7 0 120620 -17.74493 168.31699 -0.9 0.3 7.6 1.3
Rain event Efate, Vanuatu V_8 0 120620 -17.74493 168.31699 -6.6 0.3 -38.0 1.3
Rain event Espiritu Santo, Vanuatu V_16 0 120622 -15.51346 167.17253 -1.7 0.3 -3.0 1.3
Rain event Espiritu Santo, Vanuatu V_26 0 120626 -15.04670 167.07257 -1.0 0.3 4.9 1.3
Rain event Espiritu Santo, Vanuatu V_27 0 120627 -15.04670 167.07257 -2.1 0.3 -0.3 1.3
Rain event Espiritu Santo, Vanuatu V_28 0 120628 -15.04670 167.07257 -1.2 0.3 6.0 1.3
Rain event Wallis Island W_3 0 110510 -13.28060 183.81482 -4.5 0.3 -26.0 1.3
Rain event Wallis Island W_34 0 110510 -13.29883 183.76603 -4.5 0.3 -23.0 1.3
Rain event Wallis Island W_101 0 110512 -13.28060 183.81481 -0.9 0.3 -2.9 1.3
Rain event Wallis Island W_102 0 110512 -13.28060 183.81481 -0.3 0.3 9.4 1.3
Rain event Wallis Island W_37 0 110515 -13.28060 183.81481 -2.3 0.3 -3.3 1.3
Rain event Wallis Island W_104 0 110516 -13.28060 183.81481 -1.1 0.3 0.9 1.3
Rain event Wallis Island W_42 0 110517 -13.28292 183.82768 -1.5 0.3 -1.8 1.3
Rain event Wallis Island W_160 0 110517 -13.28060 183.81481 -1.5 0.3 -0.8 1.3
Rain event Tetepare, Solomon Islands SI_7 0 110618 -8.72193 157.44376 -1.8 0.3 0.1 1.3
Rain event Tetepare, Solomon Islands SI_11 0 110619 -8.72193 157.44376 -3.1 0.3 -7.6 1.3
Rain event Tetepare, Solomon Islands SI_14 0 110621 -8.72193 157.44376 -2.6 0.3 -8.3 1.3
Rain event Tetepare, Solomon Islands SI_16 0 110622 -8.72193 157.44376 -3.0 0.3 -12.2 1.3
Rain event Tetepare, Solomon Islands SI_19 0 110623 -8.72193 157.44376 -2.5 0.3 -9.1 1.3
Rain event Tetepare, Solomon Islands SI_28 0 110626 -8.72193 157.44376 -2.3 0.3 -3.6 1.3
Rain event Nauru nauru rain 3 0 100215 -0.53820 166.91120 0.1 0.3 -0.9 1.3
Rain event Nauru nauru rain 4 0 100215 -0.53820 166.91120 -2.4 0.3 -7.9 1.3
Stream Teveuni, Fiji F_21 0 0 110504 -16.81235 180.05466 -5.3 0.3 -26.9 1.3
Rain tank Nasaqalau village, Lakeba, Fiji F_187 0 110530 -18.17829 181.19043 -3.0 0.3 -12.6 1.3
Cave drip Lakeba, Fiji F_182 0 110530 -18.18749 181.17047 -5.2 0.3 -28.0 1.3
Rain tank Vanua Balavu, Fiji F_183 0 110605 -17.30316 181.01141 -3.1 0.3 -10.9 1.3
Tap Vanua Balavu, Fiji F_181 0 110605 -17.30316 181.01141 -4.8 0.3 -25.4 1.3
Tap Wallis Island W_44 0 110509 -13.28060 183.81482 -4.8 0.3 -27.8 1.3
Bottled water Vanuatu V_2 0 120617 na na -6.4 0.3 -40.0 1.3
Rain tank Port Vila, Efate, Vanuatu V_1 0 120617 -17.74493 168.31699 -5.6 0.3 -32.8 1.3
Stream Efate, Vanuatu V_4 0 0 120617 -17.71423 168.56863 -5.1 0.3 -28.8 1.3
Stream Espiritu Santo, Vanuatu V_15 0 0 120622 -15.37777 167.17490 -5.6 0.3 -30.7 1.3
Stream Espiritu Santo, Vanuatu V_21 0 0 120623 -15.59628 167.06698 -5.2 0.3 -30.2 1.3
Rain Tank Port Orly, Espiritu Santo, Vanuatu V_25 0 120625 -15.04670 167.07257 -6.5 0.3 -40.2 1.3
Stream Tetepare, Solomon Islands SI_10 0 0 110618 -8.70441 157.54490 -5.1 0.3 -26.5 1.3
Stream Redova, Solomon Islands SI_17 0 0 110623 -8.56287 157.35505 -5.6 0.3 -29.9 1.3
Stream Redova, Solomon Islands SI_25 0 0 110625 -8.56443 157.36315 -5.3 0.3 -28.5 1.3
Stream Redova, Solomon Islands SI_26 0 0 110625 -8.56467 157.36428 -5.2 0.3 -28.0 1.3
Lagoon Tetiaroa, French Polynesia T_S12IW26 0 34 150126 -17.01589 210.40267 0.57 0.3 5.77 1.3
Lagoon Tetiaroa, French Polynesia T_T29IW1 0 34 150130 -17.00747 210.42011 0.46 0.3 4.48 1.3
Lagoon Tetiaroa, French Polynesia T_T19IW28 0 35 150220 -17.01569 210.40172 0.61 0.3 6.28 1.3
Lagoon Tetiaroa, French Polynesia T_T19IW29 0 35 150223 -17.01569 210.40172 0.71 0.3 6.62 1.3
Lagoon Tetiaroa, French Polynesia T_T31IW2 0 35 150325 -17.00058 210.40717 0.71 0.3 6.88 1.3
Lagoon Tetiaroa, French Polynesia T_T36-2IWa 0 35 150328 -16.02611 210.44156 0.68 0.3 6.30 1.3
Sea shore Teveuni, Fiji F_17 0 32 110502 -16.79919 179.99191 0.1 0.3 2.7 1.3
Sea shore Teveuni, Fiji (replicate) F_18 0 33 110502 -16.79919 179.99191 0.2 0.3 1.0 1.3
Sea shore Lakeba, Fiji F_126 0 34 110530 -18.17592 181.19724 0.3 0.3 4.4 1.3
Canal Lakeba, Fiji F_129 0 5 110530 -18.17802 181.19148 -4.5 0.1 -25.5 1.3
Inlet Lakeba, Fiji F_6 0 2 110530 -18.17798 181.19268 -5.1 0.1 -28.7 1.3
Ocean Lau Group, Fiji Lau_210 0 34 110531 -18.44889 181.45785 0.4 0.3 4.0 1.3
Ocean Lau Group, Fiji F_105 0 34 110601 -17.89570 181.00233 0.3 0.3 3.3 1.3
Lagoon Vanuau Balavu, Fiji F_130 0 33 110602 -17.31638 181.01668 0.4 0.3 3.6 1.3
Sea shore Wallis Island W_135 0 31 110513 13.28900 183.95162 0.4 0.3 2.2 1.3
Inlet Espiritu Santo, Vanuatu V_14 0 25 120622 -15.59707 167.10373 -1.0 0.3 -4.6 1.3
Brackish lake outflow Espiritu Santo, Vanuatu V_22 0 20 120623 -15.59827 167.06692 -2.3 0.3 -12.8 1.3
Ocean Espiritu Santo, Vanuatu V_17 0 34 120623 -15.60000 167.10325 0.3 0.3 3.1 1.3
Brackish lake Malo, Vanuatu V_20 0 2 120623 -15.63812 167.17918 -5.24 0.3 -29.9 1.3
Inlet Malo, Vanuatu V_18 0 25 120623 -15.62480 167.17975 0.4 0.3 3.6 1.3
Brackish lake outflow Malo, Vanuatu V_19 0 12 120623 -15.63513 167.18130 -3.5 0.3 -19.2 1.3
Lagoon Tetepare, Solomon Islands SI_4 0 34 110617 -8.72105 157.59887 0.2 0.3 2.5 1.3
Lagoon Tetepare, Solomon Islands SI_3 0 29 110617 -8.701453 157.45045 -0.6 0.3 -2.0 1.3
Lagoon Redova, Solomon Islands SI_21 0 31 110624 -8.56768 157.36427 -0.1 0.3 -0.6 1.3
Lagoon Redova, Solomon Islands SI_22 0 30 110624 -8.56837 157.36592 -0.3 0.3 -1.0 1.3
Sea shore Redova, Solomon Islands SI_24 0 26 110625 -8.56280 157.35963 -0.4 0.3 -0.8 1.3
Inlet Tetpare, Solomon Islands SI_5 0 22 110617 -8.72112 157.59882 -1.7 0.3 -8.1 1.3
Swamp river Tetepare, Solomon Islands SI_9 0 5 110618 -8.70305 157.53712 -4.6 0.3 -23.9 1.3
Mangrove swamp New Georgia, Solomon Islands SI_31 0 8 110628 -8.20199 157.27382 -4.4 0.3 -24.8 1.3
Coastal pond New Georgia, Solomon Islands SI_32 0 6 110628 -8.20257 157.27525 -4.7 0.3 -26.3 1.3
Coastal pond Sasevele, Solomon Islands SI_33 0 14 110629 -8.32874 157.33878 -1.2 0.3 -8.3 1.3
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Freshwater Site δ2HOIPCrain 95% CI
ISOGSM ECHAM GISS LMDZ AVG SD ISOGSM ECHAM GISS LMDZ AVG SD ‰ ‰

Rimatu'u Pond, Tetiaroa, French Polynesia 4.2 5.0 5.5 3.8 4.6 0.8 -28 -27 -22 -19 -24 4 -25 26
Oroatera Pond, Tetiaroa, French Polynesia 4.2 5.0 5.5 3.8 4.6 0.8 -28 -27 -22 -19 -24 4 -25 26
Onetahi Pond, Tetiaroa, French Polynesia#,^ 4.2 5.0 5.5 3.8 4.6 0.8 -28 -27 -22 -19 -24 4 -25 26
Lake Tagamaucia, Teveuni, Fiji# 4.8 6.4 5.4 3.5 5.0 1.2 -36 -36 -29 -28 -33 4 -34 14
Grand Lac, Grande Terre, New Caledonia 2.5 2.0 2.8 1.5 2.2 0.6 -33 -29 -21 -20 -26 6 -15 54
Lake Hut, Grande Terre, New Caledonia 2.5 2.0 2.8 1.5 2.2 0.6 -33 -29 -21 -20 -26 6 -15 54
Otas Lake, Efate, Vanuatu 3.5 5.3 4.3 2.9 4.0 1.0 -37 -35 -24 -28 -31 6 -34 73
Emaotul Lake, Efate, Vanuatu$ 3.5 5.2 4.3 2.9 4.0 1.0 -36 -36 -24 -28 -31 6 -36 73
Small Pond, Efate, Vanuatu# 3.5 5.2 4.3 2.9 4.0 1.0 -37 -36 -24 -28 -31 6 -35 73
Red Lake, Thion, Vanuatu 4.9 8.1 6.3 3.9 5.8 1.8 -36 -38 -27 -32 -34 5 -35 70
White Lake, Thion, Vanuatu 4.9 8.1 6.3 3.9 5.8 1.8 -36 -38 -27 -32 -34 5 -35 70
Waérowa East Lake, Espiritu Santo, Vanuatu# 4.6 7.8 5.8 3.6 5.4 1.8 -36 -38 -26 -32 -33 5 -34 71
Waérowa West Lake, Espiritu Santo, Vanuatu# 4.6 7.8 5.8 3.6 5.4 1.8 -36 -38 -26 -32 -33 5 -34 71
Bellmolle North Lake, Espiritu Santo, Vanuatu# 4.6 7.8 5.9 3.6 5.5 1.8 -36 -38 -26 -32 -33 5 -34 71
Bellmolle Swamp, Espiritu Santo, Vanuatu# 4.6 7.8 5.8 3.6 5.5 1.8 -36 -38 -26 -32 -33 5 -34 71
Bellmolle South Lake, Espiritu Santo, Vanuatu 4.6 7.8 5.8 3.6 5.5 1.8 -36 -38 -26 -32 -33 5 -34 71
Buada Pond, Nauru$ 8.7 9.0 10.4 9.7 9.5 0.8 -41 -39 -41 -33 -39 4 -40 3
Lake Lanoto'o, Upolu, Samoa 6.5 6.2 8.9 5.4 6.8 1.5 -33 -33 -32 -29 -32 2 -34 3
Lac Lalolalo, Wallis 7.3 6.8 9.2 5.8 7.3 1.5 -34 -36 -33 -30 -33 3 -23 1
Lac Lanutavake, Wallis 7.2 6.8 9.2 5.8 7.3 1.5 -34 -36 -33 -30 -33 3 -24 2
Lac Lano, Wallis 7.3 6.8 9.3 5.8 7.3 1.5 -34 -36 -33 -30 -33 3 -23 2
Lake Wanum, Papua New Guinea 6.3 6.9 9.3 10.0 8.1 1.8 -47 -45 -44 -48 -46 2 -49 5
Barora Pond, Tetepare, Solomon Islands 6.5 11.9 7.4 6.5 8.1 2.6 -39 -44 -32 -37 -38 5 -46 44
Lake Tavara Tetepare, Solomon Islands 6.5 11.8 7.4 6.4 8.0 2.6 -39 -44 -31 -37 -38 5 -46 43
Lake Rano, Rendova, Solomon Islands 6.5 11.7 7.4 6.4 8.0 2.5 -39 -44 -31 -37 -38 5 -47 42
Harai Lake #1, Rendova, Solomon Islands 6.5 11.9 7.5 6.6 8.1 2.5 -39 -44 -32 -37 -38 5 -47 42
Harai Lake #2, Rendova, Solomon Islands 6.5 11.9 7.5 6.6 8.1 2.5 -39 -44 -32 -37 -38 5 -47 42
Harai Lake #3, Rendova, Solomon Islands 6.5 11.9 7.5 6.6 8.1 2.5 -39 -44 -32 -37 -38 5 -47 42
Arundel Lake #1, Arundel, Solomon Islands 6.8 12.1 7.8 6.9 8.4 2.5 -39 -45 -32 -38 -39 5 -48 40
Arundel Lake #2, Arundel, Solomon Islands 6.8 12.0 7.8 6.9 8.4 2.5 -39 -45 -32 -38 -39 5 -48 40

Table B.3. SWING2 and OIPC precipitation rate and isotope composition at SPCZ lake sites.
SWING2 precipitation rate mm d-1 δ2HSWING2rain ‰

#High vegetation cover

$Ephemeral

^Manufactured
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Chapter 4: Precipitation changes in the South Pacific Convergence Zone during the 

last 2,000 years from d2Hdinosterol in freshwater lake sediments3 

 

Abstract 

Tropical moisture dynamics are centrally important to global climate, and precipitation in 

the tropics is undergoing large changes. It is unknown if these changes are unprecedented or 

within the range of natural variability since our observational records are short. The South 

Pacific Convergence Zone (SPCZ) is the southern hemisphere’s most prominent 

precipitation feature extending 3000 km southeastwards from Papua New Guinea to French 

Polynesia. Seasonal and inter/intra-annual variability in SPCZ rainfall is well characterized 

by satellite data. Rainfall in the western tropical Pacific is difficult to reconstruct due to a 

dearth of archives that are both high-resolution and continuous. Here we present a spatially 

and temporally extensive picture of Late Holocene precipitation variability in the SPCZ 

region using molecular fossil hydroclimate reconstructions from the hydrogen isotopic 

composition (d2H) of the algal lipid biomarker dinosterol (4a, 23, 24-trimethyl-5a-cholest-

22E-en-3β-ol). The network of records consists of 14 freshwater lake sediment cores from 

10 lakes on 6 islands in the Solomon Islands, Vanuatu, Wallis, and Samoa. Together the 

records indicate wet Modern (1850-present) hydroclimate conditions and widespread dry 

conditions during the LIA (1450-1850) and MCA (950-1250). Replicate records from each 

region generally agree with each other with the exception of d2Hdinosterol records from two 

lakes on Wallis. Calculated precipitation rates during the LIA were estimated from a 

d2Hdinosterol core-top transfer function and approximately 0.6 – 0.9 mm d-1 lower than 

																																																								
3 In preparation for submission 
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Modern in the Solomon Islands, Vanuatu, and Samoa, potentially due to a less intense or 

equatorward-shifted SPCZ. During the MCA the SPCZ likely had a more spatially 

heterogeneous hydrological pattern. Calculated precipitation rates were approximately 3 mm 

d-1 lower than present in the Solomon Islands and 0.4 mm d-1 lower than present in Vanuatu. 

Wallis and Samoa also appeared drier during the MCA. These precipitation records are 

important for understanding SPCZ natural variability during the Late Holocene. 

 

Introduction 

The tropics are the Earth’s heat engine with global connections (Chiang, 2009) and 

changes in tropical precipitation have major implications for ecosystems and food security 

(Power et al., 2017). The SPCZ is the Southern Hemisphere’s most prominent precipitation 

feature extending southeastward 3000 km from Papua New Guinea to French Polynesia 

(Fig. 1). Seasonal variability results in greater SPCZ rainfall during the austral summer and 

a northeast shift to a more zonal position is observed during El Niño events (Vincent, 1994). 

Recent studies examining instrumental data and numerical models have led to an improved 

understanding of the factors that influence SPCZ strength, shape, and extent (Cai et al., 

2012; Kidwell et al., 2016; Kiladis et al., 1989; Lintner and Neelin, 2008; Takahashi and 

Battisti, 2007a, 2007b, van der Wiel et al., 2016a, 2016b, 2015, Widlansky et al., 2011, 

2013), however an understanding of its behavior prior to the instrumental record is lacking.  
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Fig. 1. Sample locations and rainfall rates. Black circles are 22 core-top calibration samples 
(Chapter 3), red diamonds are 4 lakes in the Solomon Islands (Rendova and Tetepare), green 
diamonds are 3 lakes in Vanuatu (Thion and Efate), blue diamonds are 2 lakes on Wallis, 
yellow diamond is 1 lake on Samoa. A) Contours and color scale show mean GPCPv2.3 
rainfall rate (mm d-1) on a 2.5° x 2.5° grid for the 1979-2016 period 
(http://www.esrl.noaa.gov/psd/), B) GPCP [DJF-JA] anomaly, C) GPCP [La Niña - El Niño] 
anomaly where La Niña (El Niño) conditions from ONI < 0.5°C (> 0.5°C). 
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Compiled paleoclimate records indicate that the past 2000 years have been marked 

by a warm MCA (950-1250), followed by cooler than normal temperatures of the LIA 

(1450-1850) as defined by the IPCC (Masson-Delmotte et al., 2013). Geochemical evidence 

indicates that the mean annual position of the Northern Hemisphere’s most prominent rain 

feature, the Inter Tropical Convergence Zone (ITCZ), responded to the LIA and MCA in the 

central Pacific (Newton et al., 2006; Sachs et al., 2009; Schneider et al., 2014) and in the 

Indo-Pacific Warm Pool (Yan et al., 2015). It is likely that the SPCZ also experienced 

changes in mean annual position or intensity. 

Changes in tropical precipitation in a warming climate will have profound 

implications for the global hydrologic balance and for societies that depend on rain to 

support subsistence lifestyles. Recent works have used global and regional climate models 

to examine how the SPCZ will respond to increased greenhouse warming. Future model 

projections of SPCZ behavior remain uncertain. Ensemble means result in little change in 

mean SPCZ position (Brown et al., 2012, 2011; Evans et al., 2016). Decreased precipitation 

was predicted for low levels of warming, and increased precipitation at higher levels of 

warming (Widlansky et al., 2013). Some studies suggest the SPCZ will have a more extreme 

zonal structure in a warmer climate (Borlace et al., 2014; Cai et al., 2012).  

Accurately determining how the SPCZ responded to climate variations before the 

instrumental record requires the use of indirect indicators of rainfall. d18O coral records 

from the southwestern SPCZ region indicate colder and saltier ocean conditions during the 

LIA, potentially attributable to an equatorward shift of the SPCZ (Linsley et al., 2008, 

2006). However the predominant influence on sea surface salinity in this region may be 

ocean circulation (Dassié et al., 2014; Wu et al., 2013). Speleothems from Vanuatu (Partin 
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et al., 2013) and the Solomon Islands (Maupin et al., 2014) revealed substantial multi-

decadal variability but these records do not extend beyond 1600 AD, missing the MCA.   

The main goal of this study is to determine how the SPCZ has changed in extent 

and/or intensity during the Late Holocene. To reconstruct past hydrological change, we 

measure hydrogen isotope ratios (2H/1H) of the algal lipid biomarker dinosterol, expressed 

as δ2Hdinosterol (δ = [Rsample/RVSMOW] – 1, where R is 2H/1H and VSMOW is Vienna Standard 

Mean Ocean Water). These hydroclimate reconstructions rely on the link between the 

hydrogen isotopic composition of environmental waters, fluxes of water though the 

hydrologic cycle (Craig, 1961; Craig and Gordon, 1965; Dansgaard, 1964; Gat, 1996), and 

changes in lake water 2H/1H ratios that reflect hydrologic balance. In the tropics, the isotopic 

composition of precipitation is primarily influenced by the “amount effect” where higher 

precipitation rates are correlated with 2H-depleted rain (Bony et al., 2008; Conroy et al., 

2013; Dansgaard, 1964; Risi et al., 2008). The isotopic composition of lake water is 

determined by precipitation isotopes as well as evaporation, and in turn governs the isotopic 

composition of algal lipids (Englebrecht and Sachs, 2005; Zhang and Sachs, 2007). A core-

top calibration between Global Precipitation Climatology Project (GPCP) (Adler et al., 

2017, 2003) precipitation rates and δ2Hdinosterol for the SPCZ region offers the opportunity to 

estimate quantitative changes in rainfall during the Late Holocene (Chapter 3). These 

calculations afford the opportunity to extend the GPCP record back prior to the instrumental 

record.  

Magnetic susceptibility signals can independently confirm interpretations of 

hydrological change since they often reflect changes in runoff (Hodell et al., 2008; Liu et al., 

2011; Rodysill et al., 2012). However, in anoxic environments magnetic susceptibility can 
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be degraded and may instead reflect preservation of magnetic minerals (Nowaczyk et al., 

2007; Roy et al., 2017). Together, algal lipid 2H/1H ratios and magnetic susceptibility 

records can help paint a picture of past hydrological change in the understudied SPCZ 

region. In this study, we apply these techniques to several lake sites in each region.  

 

Site descriptions 

 Details about the 14 cores presented in this study are listed in Table 1. All of these 

sites were lakes visited as part of the core-top study described in Chapter 3. Rendova and 

Tetepare are volcanic islands in the Western Province of the Solomon Islands located at the 

heart of the modern SPCZ (Fig. 1) with mean annual GPCP precipitation rates of ~8 mm d-1 

at the lake sites. Compare to other regions in this study, the Solomon Islands has the 

smallest seasonal rainfall variation where austral summers (December-February) are on 

average 1.5 mm d-1 wetter than winter (June-August). The Solomon Islands also have a 

small response to ENSO variations of ~1 mm d-1 between La Niña’s and relatively drier El 

Niño’s (Table 2). (El Niño conditions are taken as seasons when the Oceanic Niño Index, 

derived from sea surface temperature anomalies in the Niño 3.4 region, were above 0.5°C 

(www.esrl.noaa.gov/psd/data/climateindices/list )). Tetepare Island is the largest uninhabited 

island in the South Pacific and has enforced marine and terrestrial protected areas (Read et 

al., 2010). Barora Pond is on the north-eastern side of Tetepare adjacent to mountainous 

terrain with a maximum depth of 2.4m. Lake Tavara is a near-coastal lake on the western 

side of Tetepare surrounded by flat topography with a maximum depth of 3.7m. On 

Rendova island, Harai Lake #1 is located farther north with a maximum water depth of 3.4m 
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and Lake Rano is the largest lake from the Solomon Islands in this study located at the south 

end with a maximum water depth of 11m.  

 The country of Vanuatu is located in the southern region of the SPCZ (Fig. 1) with 

GPCP precipitation rates around 4.8-5.5 mm d-1 at the lake sites. Austral summers are on 

average 3.5 mm d-1 wetter than winters. Vanuatu has the largest ENSO rainfall variations 

where La Niña’s are >2 mm d-1 wetter than El Niño’s (Table 2). Red Lake and White Lake 

are nearby lakes on Thion Island (also called Dauphin or Dionn Island), just off of the east 

coast of Espiritu Santo. The Eastern portion of Espiritu Santo is raised Quaternary reefs, 

including Thion Island which has a 180m raised plateau to the east of the lakes (Sémah and 

Wirrmann, 2006). Lake Emoatul (also sometimes referred to as “Lac aux Canards”) is 

further to the south on the volcanic Efate Island (Ash et al., 1978; Raos and Crawford, 

2004). It is ~131m above sea level and experiences fluctuating lake levels between 0 and 

10m (Hope, 1996; Schabetsberger et al., 2009) and was mostly dry between 1994 and 1997 

(Sémah and Wirrmann, 2006). 

 

Wallis is located in the southern region of the SPCZ (Fig. 1) with GPCP 

precipitation rates around 6 mm d-1 at the lake sites. GPCP precipitation varies by 5.2 mm d-

Site Name Latitude Longitude
Water 

depth at 
core site (m)

Core  ID
Collection 

date

Sediment 
length 
(cm)

δ2Hdinosterol  

range (‰)
δ2Hdinosterol 

(n)

Sample 
technique*

Barora Pond, Tetepare, Solomon Islands -8.72232 157.600450 2.4 SBAR UC2 110617 143 26 42 UC
Lake Tavara Tetepare, Solomon Islands -8.70277 157.450167 3.7 STAV UC4 110615 129 24 31 UC
Harai Lake #1, Rendova, Solomon Islands -8.56218 157.355550 3.4 SHAR1 UC2 110623 121 61 24 UC
Lake Rano, Rendova, Solomon Islands -8.68793 157.324267 11.8 SRANUC1 110620 135 NA 0 UC
Red Lake, Thion, Vanuatu -15.03283 167.089917 2.5 VTR UC3 120627 176 41 44 UC
White Lake, Thion, Vanuatu -15.04105 167.089133 17.1 VTW UC2 120626 111 45 55 UC
Emaotul Lake, Efate, Vanuatu -17.72989 168.415462 6 VAN 150910 347 35 40 GC + L
Lac Lalolalo, Wallis -13.30108 183.765917 88 LALO UC13 110516 161.5 56 36 UC
Lac Lalolalo, Wallis -13.30048 183.766000 88 LALO UC14 110517 168 42 30 UC
Lac Lalolalo, Wallis -13.30168 183.768083 23 LALO UC22 110519 38 42 7 UC
Lac Lalolalo, Wallis -13.30168 183.768039 24 LALO UC24 110519 27 45 6 UC
Lac Lanutavake, Wallis -13.32118 183.786033 23.3 LATVK UC1 110518 143 16 24 UC
Lac Lanutavake, Wallis -13.32115 183.786133 23.2 LATVK UC4 110519 77.5 20 29 UC
Lake Lanoto'o, Upolu, Samoa -13.91088 188.172600 16.4 LAN14 U2 + U1-1 140930 302 35 22 GC + L

TABLE 1. Sediment cores sites.

*UC = Universal Corer, GC = UWITEC gravity core, L = Livingston
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1 between austral summer (December-February) and relatively drier winter (June-August) 

and by 0.8 mm d-1 between La Niña’s and relatively drier El Niño’s (Table 2). Lac Lalolalo 

(88ft deep) and Lac Lanutavake (25ft deep) are crater lakes that formed from collapse after 

eruption of lava, and enlarged by phreatomagmatic explosions. The craters are thought to 

have formed as recently as the Holocene based on thin soil layers along the rims (Stearns, 

1945).  

Samoa is located to the southeast of Wallis (Fig. 1) with GPCP precipitation rates 

around 5.6 mm d-1 at the lake sites. Samoa has the largest seasonal rainfall variations of 5.6 

mm d-1, and the smallest ENSO rainfall variations where the average La Niña is 0.7 mm d-1 

wetter than El Niño (Table 2). Lake Lanoto’o is situated in a volcanic crater at 760 m above 

sea level. It has been previously described in detail (Hassall, 2017; Parkes, 1994). 

 

Methods 

 

Field sampling 

 Sediment cores from Wallis, Solomon Islands, and Vanuatu were collected in 2011-

2012 with a universal corer device (Aquatic Research) with 2-5/8” diameter core liners. The 

uppermost portion (typically 20-90 cm) was sectioned in the field at 0.5 or 1 cm intervals to 

TABLE 2. Mean GPCPv2.3 precipitation rates (mm d-1) for the 1979-2017 period during specified intervals at lake sites
Lake site Mean SD DJF SD JJA SD [DJF-JJA] El Niño SD La Niña SD [Niña-Niño]
Barora Pond, Tetepare, Solomon Islands 7.7 3.0 9.2 3.7 7.1 2.4 2.1 7.2 3.2 8.2 3.2 1.1
Lake Tavara Tetepare, Solomon Islands 8.2 3.3 9.3 4.0 8.1 2.9 1.2 7.4 3.7 8.7 3.2 1.3
Lake Rano, Rendova, Solomon Islands 8.2 3.3 9.3 4.0 8.1 2.9 1.2 7.4 3.7 8.7 3.2 1.3
Harai Lake #1, Rendova, Solomon Islands 8.2 3.3 9.3 4.0 8.1 2.9 1.2 7.4 3.7 8.7 3.2 1.3
Red Lake, Thion, Vanuatu 5.0 3.3 6.5 3.7 3.0 2.0 3.5 4.1 3.0 6.5 3.6 2.4
White Lake, Thion, Vanuatu 5.0 3.3 6.5 3.7 3.0 2.0 3.5 4.1 3.0 6.5 3.6 2.4
Emaotul Lake, Efate, Vanuatu 5.0 3.2 6.8 3.5 3.1 1.6 3.7 4.2 2.8 6.3 3.6 2.1
Lac Lalolalo, Wallis 5.9 3.7 8.5 4.3 3.2 1.8 5.3 5.6 3.5 6.6 4.3 1.0
Lac Lanutavake, Wallis 5.9 3.7 8.5 4.3 3.2 1.8 5.3 5.6 3.5 6.6 4.3 1.0
Lake Lanoto'o, Upolu, Samoa 5.6 3.4 8.5 3.5 2.8 1.3 5.7 5.7 3.1 6.2 3.8 0.6
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a depth at which the sediment was sufficiently consolidated to transport and store without 

disturbance to stratigraphy. These cores were split at the University of Washington or at the 

LacCore facility at the Limnological Research Center (LRC), University of Minnesota 

(USA). Cores were imaged with a DMT CoreScan and analyzed for magnetic susceptibility 

at 0.5-cm intervals using a high-resolution point sensor (MS2E) mounted on a GEOTEK 

XYZMSCL. Collection details about sediment from Lake Lanoto’o on Samoa can be found 

in Hassall (2017). Collection and scanning details about sediment from Lake Emaotul on 

Efate, Vanuatu can be found in Sear et al. (in prep). 

 

Chronology 

Age models for select cores were developed using radiocarbon and Lead-210 (210Pb) 

analysis. Terrestrial leaf fossils from the top 70 cm of 13 sediment cores were analyzed for 

radiocarbon ages with accelerator mass spectrometry. Leaf fossils were pre-treated with an 

acid-base-acid procedure (Brock et al., 2010) at the University of Washington before 

analyses at Direct AMS (Seattle, WA), or pretreated and analyzed at Australian National 

University or CAMS (LLNL, Livermore, CA) (Table S14). Radiocarbon ages were 

calibrated using SHCAL13 (Hogg et al., 2013) and the SH1-2 bomb curve extension (Hua et 

al., 2013). 

Selected sediment intervals from the uppermost portion (12 to 90cm) of eight 

sediment cores were analyzed for abundance of atmosphere derived 210Pb at Flett Research 

Ltd. or ANTSO (Australian Nuclear Science and Organization) facilities (results in Chapter 

3 Appendix A). Detailed procedures are available in Atahan et al., (2014). Alpha 

spectrometry was used to measure total 210Pb indirectly from Polonium-210 (210Po) (the 
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granddaughter of 210Pb which is in secular equilibrium with 210Pb within two years of 

deposition). Supported 210Pb was measured indirectly from Radium-226 measurements. 

Atmospheric-derived unsupported 210Pb was calculated by subtracting supported 210Pb from 

total 210Pb. A constant rate of supply (CRS) model (Appleby and Oldfield, 1978) was used 

to construct 210Pb chronologies by relating exponential 210Pb decay profiles to the 

cumulative dry mass-depth profiles as determined using bulk density measurements. 

Uncertainty in ages from the CRS model were conservatively estimated to be 20% of the 

age in years (Binford, 1990), with a minimum uncertainty of ±1 yr. The 210Pb models were 

not validated with the independent tracer Cesium-137 due to limited sediment in these cores.  

Age-depth relationships were constructed using CRS modeled ages and radiocarbon 

ages using BACON v2.2 software (Blaauw and Christen, 2011). For all cores the topmost 0 

cm age was assumed to be the same as collection date. 

 

Dinosterol hydrogen isotope analyses 

Dinosterol was extracted, purified, identified, and quantified according to the 

methods detailed in Chapter 3. Briefly, sediments were freeze-dried then extracted with an 

Accelerated Solvent Extractor. Total lipid extracts (TLEs) were saponified then purified 

using column chromatography and High Performance Liquid Chromatography (HPLC) 

according to procedures in Nelson & Sachs (2013). HPLC fractions were checked to ensure 

full recovery of dinosterol in the target fraction(s) and for purity of dinosterol (Atwood and 

Sachs, 2012) using Gas Chromatography Mass Spectrometry (GCMS). Prior to HPLC, 

samples were acetylated using acetic anhydride with a known hydrogen isotopic 

composition (-123.8 ± 8.2‰). In preparation for isotopic measurements, HPLC-purified 
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dinosterol samples were quantified against a 5α-cholestane external standard. 

Quantifications were performed on an Agilent 6890N GC equipped with a Flame Ionization 

Detector (FID). d2Hdinosterol values were measured via gas-chromatography isotope-ratio 

mass spectrometry (GC-IRMS). Dinosterol d2H values were then corrected for hydrogen 

added during acetylation by a mass balance calculation as in (Nelson and Sachs, 2014). All 

d2Hdinosterol values and the standard deviations of multiple injections are reported in Tables 

S1-S13.  

 

Precipitation calculations 

Precipitation rates were calculated from d2Hdinosterol values using the d2Hdinosterol– 

precipitation rate calibration generated from 44 core-top samples from 22 lakes (black 

circles Fig. 1) across the SPCZ region [d2Hdinosterol = -12.1(±2.6)*P-211(±15), R2=0.59, 

p=0.0003, n=18] (see Figure 2 in Chapter 3). The Global Precipitation Climatology Project 

(GPCPv2.3) dataset (Adler et al., 2017, 2003) was used to compute long-term mean annual 

precipitation rates for the 1979-2016 period. Data are provided by the National Oceanic & 

Atmospheric Administration/Oceanic & Atmospheric Research/Earth System Research 

Laboratory Physical Sciences Division (NOAA/OAR/ESRL PSD), Boulder, Colorado, 

USA, from their Web site at http://www.esrl.noaa.gov/psd/. The dataset is based on gauge 

and satellite observations and is gridded at a 2.5° x 2.5° scale. Estimates of precipitation 

uncertainty (Adler et al., 2012) accompany precipitation data and resulted in large errors in 

independent variable of the calibration which required the use of a maximum likelihood 

estimate method (York et al., 2004) incorporating bivariate analytical uncertainty for all 

linear regressions (Cantrell, 2008; Reed, 1989; Thirumalai et al., 2011; York, 1969; York et 
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al., 2004), which were performed using published MatlabTM code (Thirumalai et al., 2011). 

To calculate precipitation rates, the calibration was used as a transfer function such that 

Pp1 = d2Hsample + 211 / -12.1      [Eq. 1] 

where Pp1 is the calculated paleorainfall, d2Hsample is a downcore measurement. The 

estimated uncertainty in Pp1 from this transfer function ranges from ~1 to 3 mm d-1 

(depending on the measured d2Hsample value) from the errors on the slope (±2.6) and 

intercept (±15) plus propagated analytical d2Hdinosterol uncertainties (Chapter 3). In Figures 2-

5 in this Chapter, these uncertainties are shown as blocks of color on the right axis.  

 

Results 

 

Sedimentology  

Sediment core images (Fig. S1), magnetic susceptibility levels, b* (blue-yellow) and 

a* (green-red) reflectance data (Fig. S2-4), and age models (Fig. S5) revealed 

heterogeneous depositional environments, sediment types, and accumulation rates between 

the ten lakes in this study. The 143 cm long sediment core SBARUC2 from Barora Pond 

(Tetepare, Solomon Islands) had the fastest accumulation rate with an average of 0.84 years 

contained in each 1 cm interval. The results of a 210-Pb CRS model (Chapter 3) from eight 

samples in the top 50 cm were used with three 14C dates from fossil leaves to construct a 

BACON age model that extends back to 57 years BP (between 27 and 106 years BP), or 

1893 calendar year CE (Fig. S5). This core was collected from 2.4 m water depth and was 

consistently laminated with brown, light brown, and dark brown layers. A large magnetic 
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susceptibility signal was measured in Barora Pond (Tetepare, Solomon Islands) in 

SBARUC2 which ranged from 16 to 483 SI*10-5 (Fig. S2).  

On the same island the 129 cm long core STAVUC4 from Lake Tavara (Tetepare, 

Solomon Islands) was collected from 3.7 m water depth and had dark brown organic 

sediment above frequent layers of sandy material towards the base. The BACON age model 

from 210-Pb (Chapter 3) and 3 fossil leaves indicates that the upper 85 cm above the sand 

layers extends back to 357 ybp (between 283 and 483 ybp) (Fig. S5). The magnetic 

susceptibility signal in Lake Tavara STAVUC4 ranged from -1 to 3 SI*10-5 with the highest 

values from the sandy layers at the base of the core (Fig. S2). 

SHAR1UC2 from Harai Lake #1 (Rendova, Solomon Islands) was 121 cm long and 

collected from 3.4 m water depth. The age model from eight fossil leaves indicates a very 

slow accumulation rate in the top 40 cm (average of 26 years per each 1 cm interval) and 

faster accumulation in the remaining 81 cm. There was almost no magnetic susceptibility 

signal, values ranged from -1.9 to 0.8 SI*10-5, indicating primarily organic material (Fig. 

S2). Also on Rendova Island, the larger and deeper Lake Rano had visible layering 

throughout and a high magnetic susceptibility signal ranging from -8 to 981 SI*10-5 in 

SRANUC1 (Fig. S2). The BACON age model for SRANUC1 was made from eight 14C 

dates from fossil leaves, and had two were outliers (Fig. S5). 

 Sediment cores collected from Red Lake and White Lake on Thion Island (Vanuatu) 

consisted of dark brown algal gytta throughout with no laminations, and both had substantial 

(8 to 30 cm) sandy layers near the base of the cores. VTRUC3 from Red Lake was 176 cm 

collected from a water depth of 2.5 m. Eight fossil leaves from the upper 121.5 cm of 

sediment above the sandy layer produced a BACON age model that extends back ~1310 ybp 
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(between 1291 and 1629 ypb) (Fig. S5). VTWUC2 collected in 17 m water depth from 

White Lake had a similar stratigraphy and age-depth relationship. Seven fossil leaves from 

the upper 100 cm of sediment above the sandy layer produced a BACON age model that 

extends back ~1240 ybp (between 1128 and 1472 ypb) (Fig. S5). Sediments in both Red 

Lake and White Lake (Thion Island, Vanuatu) were mainly composed of organic material 

and had very small magnetic susceptibility that ranged from -3 to 9 SI*10-5 with the highest 

values from the white sandy portion at the base of the cores (Fig. S3). 

Sediment cores collected from Lac Lanutavke (Wallis Island) had laminations of tan 

and brown sediment interspersed with thick layers of dark algal gytta (Fig. S1). 

LATVKUC1 collected from 23 m water depth had a total core length of 143 cm and the 

oldest fossil leaf from 133 cm had a calibrated age of 1560 ybp (between 1474 and 1684 

ypb). LATVKUC4 collected 12 m away from the same water depth had a total core length 

of 77.5 cm, the oldest fossil leaf from 67 cm had a calibrated age of 1231 ybp (between 

1115 and 1321 ypb) (Fig. S5). The magnetic susceptibility ranges measured in these cores 

were 226 and 316 SI*10-5 in LATVKUC1 and LATVKUC4 and coincided with color 

variations and reflectance data where dark (negative b*) algal gytta sediment layers had the 

lowest values, and regions with light brown laminations of lithogenic material had high and 

variable values (Fig. S4). The similarities in color and magnetic susceptibility facilitated 

hand-tuning the longer core LATVKUC1 to the depth scale of LATVKUC4, which 

experienced less compression during core collection. Using the modified depth scale of 

LATCKUC1 (Fig. S6), a total of 10 14C dates from both cores were used to create a single 

BACON age model (Fig. S5). 
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All sediment cores collected from Lac Lalolalo (Wallis Island) had large amounts of 

terrestrial plant litter interspersed with dark brown algal gytta and no visible laminations. 

LALOUC13 from ~88 m water depth at the lake center had a total core length of 161.5 cm. 

The BACON age model from eight fossil leaves extends back to ~1393 ybp (between 1312 

and 1529 ypb) at 155 cm. Collected 68 m away, LALOUC14 also from ~88 m water depth 

had a total core length of 168 cm. Two of the five fossil leaves in this core had radiocarbon 

ages that BACON found to be outliers, both being too old and the deepest fossil leaf from 

the 12 5cm interval had a calibrated age of 1837 ybp (between 1717 and 1923 ypb) (Fig. 

S5). Both cores displayed vigorous degassing upon collection mixing the top 10 cm of 

sediment, therefore the first 15-20 cm were sampled into one bag. Collected near the shore 

without degassing-mixed sediment, LALOUC22 from 24 m water depth had a total core 

length of 38 cm, the oldest fossil leaf from the 13-14 cm interval had a calibrated age of 50 

ybp (between 26 and 86 ypb) (Chapter 3). LALOUC24 from 24 m water depth had a total 

core length of 38 cm, the oldest 210-Pb CRS model age from 8 cm was 54 ybp (between 28 

and 84 ypb) (Chapter 3). Lalolalo cores had magnetic susceptibility levels nearly an order of 

magnitude lower than Lac Lanutavake with ranges of 25 or 26 SI*10-5 in LALOUC13 and 

LALOUC14. The cores collected from shallow water depths near the shore of Lac Lalolalo 

were either completely sectioned (LALOUC24), or consisted of only rock and wood 

material below the sectioned material (so no magnetic susceptibility or reflectance profiles 

are shown). Despite the large differences in absolute ranges between the two lakes on 

Wallis, the general pattern in magnetic susceptibility between the sites was similar through 

time (Fig. S4), however since the signals were small and distinct color patterns were not 

present, hand tuning of the cores from Lalolalo to the same depth scale was not attempted.  
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FIG. 2. All freshwater lake d2Hdinosterol records (left axis) and calculated precipitation rates 
(right axis). Records are more 2H-enriched as mean island precipitation rates decrease from 
the Solomon Islands (reds) to Vanuatu (greens). During the MCA the Solomon Islands may 
have been as dry as Wallis, Samoa, and Vanuatu. Blue and red bands indicate LIA and 
MCA and colored bars on the right axis indicate average estimated uncertainty in calculated 
precipitation for each region. The think black vertical bar indicates average d2Hdinosterol 
uncertainty (±4.8 ‰) and the thin black horizontal bar indicates average age model 
uncertainty (±65 yrs). 
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d2Hdinosterol 

d2Hdinosterol values from all freshwater lakes in the tropical South Pacific are shown in 

Figure 2 and available in Tables S1-S13. Mean d2Hdinosterol values for specific time periods 

are in Table 3 and anomalies between time periods in Table 4. d2Hdinosterol values from the 

three lakes in the Solomon Islands had the most 2H-depeleted values compare to d2Hdinosterol 

values from other islands (Table S1 – S3; Fig. 2; Fig. 3). From Barora Pond on Tetepare 

d2Hdinosterol values in SBARUC2 do not extend back to the LIA and had a 26 ‰ range from -

317 to -291 ‰, 42 samples were injected on average 3.5 times and had a pooled uncertainty 

of 4.9 ‰. The d2Hdinosterol values in SBARUC2 were well correlated with magnetic 

susceptibility in this core (Fig. S7). d2Hdinosterol values and magnetic susceptibility data show 

high frequency changes that resemble instrumental rainfall data from nearby stations in the 

Solomon Islands, 2003-2011 data from Tetepare (Read et al., 2010), and GPCP data (Fig. 

S8). Also on Tetepare, STAVUC4 from Tavara Lake had d2Hdinosterol values with a 24 ‰ 

range from -325 to -301 ‰, 31 samples were injected on average 3.4 times and had a pooled 

uncertainty of 7.0 ‰. Data from this core extended back to the LIA where it was more 2H-

enriched (Fig. 2; Fig. 3; Table S2). 

Modern 
d2H_dino. SD

Modern 
rain SD n

LIA 
d2H_dino. SD

LIA 
rain SD n

MCA 
d2H_dino. SD

MCA 
rain SD n

Site Core ‰ ‰ mm d-1 mm d-1 ‰ ‰ mm d-1 mm d-1 ‰ ‰ mm d-1 mm d-1

Barora Pond, Tetepare, Solomon Islands SBARUC2 -306 6 7.8 0.48 42 NA NA NA NA NA NA NA NA NA NA
Lake Tavara Tetepare, Solomon Islands STAVUC4 -317 5 8.7 0.42 20 -306 4 7.8 0.32 11 NA NA NA NA NA
Harai Lake #1, Rendova, Solomon Islands SHAR1UC2 -324 10 9.3 0.81 3 -312 8 8.4 0.63a 8 -281 5 5.8 0.44 5
Red Lake, Thion, Vanuatu VTRUC3 -261 9 4.2 0.73 7 -251 10 3.3 0.83 12 -256 11 3.7 0.9 7
White Lake, Thion, Vanuatu VTWUC2 -273 11 5.1 0.93 12 -262 9 4.2 0.74 14 -265 6 4.5 0.53 16
Emaotul Lake, Efate, Vanuatu VAN -272 7 5 0.6 7 -268 4 4.7 0.3 8 -272 9 5.1 0.77 5
Lac Lalolalo, Wallis LALOUC13,14,22,24 -280 18 5.7a 1.5a 14 -253 8 3.5a 0.70a 19 -245 9 2.8a 0.78a 9
Lac Lanutavake, Wallis LATVKUC1,4 -287 5 6.4 0.4 11 -289 4 6.5 0.3 15 -283 3 6 0.24 5
Lake Lanoto'o, Upolu, Samoa SAMOA -281 5 5.8 0.41 4 -271 4 5 0.33 3 -268 11 4.7 0.88 3
aNote, the calculation of precipitation rates from d2H_dinosterol data may not be appropriate since this record may be heavilty influenced by other environmental factors

TABLE 3. Average and standard deviations of d2H_dinosterol values during select time periods: modern (1850-present), LIA (1450-1850), MCA (950-1250). Values were combined for 
all four Lac Lalolalo cores and for both Lac Lanutavake cores.

1850-present 1450-1850 950-1250
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On Rendova Island, d2Hdinosterol values in SHARIUC2 from Lake Harai #1 had a 61 

‰ range from -335 to -274 ‰, 24 samples were injected on average 2.8 times and had a 

pooled uncertainty of 4.0 ‰. Low dinosterol concentrations and large quantities of an 

unidentified compound in samples from core SRANUC1 in Lake Rano (Rendova Island) 

prohibited measurements of d2Hdinosterol values. 

d2Hdinosterol records from Red Lake and White Lake (Thion Island, Vanuatu) (Fig. 2; 

Fig. 4; Tables S4-5) had good inter-lake agreement, although the average d2Hdinosterol value 

in White Lake (-268 ‰) was ~11 ‰ 2H-depleted compare the average value in Red Lake (-

257 ‰). In Red Lake d2Hdinosterol values in VTRUC3 had a 41 ‰ range from -273 to -232 

‰, 44 samples were injected on average 2.4 times and had a pooled uncertainty of 7.3 ‰. 

Similarly, White Lake d2Hdinosterol values from VTWUC2 had a 45 ‰ range from -292 to -

247 ‰, 55 samples were injected on average 3.4 times and had a pooled uncertainty of 5.6 

‰. In addition to the cores from Vanuatu described in this paper, d2Hdinosterol measurements 

from sediment core VAN collected in Lake Emaotul on Efate Island (Vanuatu) had a 35 ‰ 

range from -294 to -258 ‰, 40 samples were injected on average 3.4 times and had a pooled 

uncertainty of 4.0 ‰. Details about this core and its sedimentological properties are 

described in Sear et al. (in prep). 

Both lakes on Wallis Island had two independent d2Hdinosterol records with good intra-

lake agreement, but the duplicate records had very different inter-lake results (Fig. 2; Fig. 5; 

Tables S7-12). From Lac Lanutavake, d2Hdinosterol values in LATVKUC1 had a 16 ‰ range 

from -295 to -279 ‰, 24 samples were injected on average 3.4 times and had a pooled 

uncertainty of 4.5 ‰. Similarly, d2Hdinosterol values in LATVKUC4 had a 20 ‰ range from -
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297 to -277 ‰, 29 samples were injected on average 2.5 times and had a pooled uncertainty 

of 6.4 ‰. 

The older samples from Lac Lalolalo had the most 2H-enriched d2Hdinosterol values of 

all cores in this study. In Lac Lalolalo d2Hdinosterol values in LALOUC13 had a 56 ‰ range 

from -283 to -227 ‰, 36 samples were injected on average 3.8 times and had a pooled 

uncertainty of 4.2 ‰. Similarly, d2Hdinosterol values in LALOUC14 had a 42 ‰ range from -

270 to -227 ‰, 30 samples were injected on average 2.1 times and had a pooled uncertainty 

of 4.8 ‰. In the short cores collected from shallow water near the shore, d2Hdinosterol values 

in LALOUC22 had a 42 ‰ range from -303 to -261 ‰, 7 samples were injected on average 

3.4 times and had a pooled uncertainty of 6.3 ‰. Similarly, d2Hdinosterol values in 

LALOUC24 had a 45 ‰ range from -288 to -242 ‰, 6 samples were injected on average 

2.8 times and had a pooled uncertainty of 4.2 ‰. Taken together, the range in 

LALOUC13+LALOUC22 (76 ‰) or LALOUC14+LALOUC24 (60 ‰) was ~four times 

larger than the ranges in the d2Hdinosterol values from the smaller neighboring Lac 

Lanutavake.  

In addition to the cores described in this study from Wallis, Vanuatu, and the 

Solomon Islands, the Late Holocene sections (LANU2 and LANU1-1) of a sediment core 

from Lake Lanoto’o (Samoa) were analyzed for d2Hdinosterol (Fig. 2; Fig. 5; Tables S13). A 

detailed description of this core and interpretation of several sedimentological parameters 

can be found in Hassall (2017). Lake Lanoto’o d2Hdinosterol values had a 35 ‰ range from -

290 to -255 ‰, 22 samples were injected on average 4 times and had a pooled uncertainty of 

7.2 ‰. Unlike other sediment cores, some LAN samples had a split dinosterol peak detected 
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on the GCFID (but had pure mass spectra (and no detectable split peak) on the GCMS) most 

likely due to a stereoisomer of dinosterol. 

 

Precipitation rates 

Figures 3-5 show d2Hdinosterol records (left axis) and corresponding calculated 

precipitation rates (right axis) using the calibration Eq. 1 developed in Chapter 3. The short, 

high resolution record from Barora Pond (Tetepare, Solomon Islands) had a relatively 2H-

depleted average d2Hdinosterol value (-306 ‰) and a corresponding wet precipitation rate (7.8 

mm d-1) during the Modern period (42 samples) compare to other regions but was more 2H-

enriched compare to other Solomon Islands sites (Table 3). In Lake Tavara (Tetepare, 

Solomon Islands) the average d2Hdinosterol value (-317 ‰) and precipitation rate (8.7 mm d-1) 

during the Modern period (20 samples) was more 2H-depleted/wetter than the average 

d2Hdinosterol value (-306‰) and precipitation rate (7.8 mm d-1) during the LIA (11 samples) 

(Fig. 3D; Table 3). In Lake Harai #1 (Rendova, Solomon Islands), the average d2Hdinosterol 

value (-324 ‰) and precipitation rate (9.3 mm d-1) during the modern period (3 samples) 

was 2H-depleted/wetter than the average d2Hdinosterol value (-312 ‰) and precipitation rate 

(8.4 mm d-1) during the LIA (8 samples). The average d2Hdinosterol value and precipitation 

δ2H_dino. Rain δ2H_dino. Rain δ2H_dino. Rain
Site Core ‰ mm d-1 ‰ mm d-1 ‰ mm d-1

Barora Pond, Tetepare, Solomon Islands SBARUC2 NA NA NA NA NA NA
Lake Tavara Tetepare, Solomon Islands STAVUC4 -11 0.90 NA NA NA NA
Harai Lake #1, Rendova, Solomon Islands SHAR1UC2 -11 0.93 -42 3.48 -31 2.56
Red Lake, Thion, Vanuatu VTRUC3 -10 0.83 -6 0.50 4 -0.34
White Lake, Thion, Vanuatu VTWUC2 -10 0.87 -7 0.62 3 -0.25
Emaotul Lake, Efate, Vanuatu VAN -4 0.31 0.4 -0.04 4 -0.34
Lac Lalolalo, Wallis LALOUC13,14,22,24 -27 2.2a -35 2.9a 8 0.68a

Lac Lanutavake, Wallis LATVKUC1,4 2 -0.16 -4 0.33 -6 0.49
Lake Lanoto'o, Upolu, Samoa SAMOA -9 0.78 -13 1.10 -4 0.30
aNote, the calculation of precipitation rates from d2H_dinosterol data may not be appropriate since this record may be heavilty influenced by 
other environmental factors

TABLE 4. Amomolies calculated from averages in Table 3 of δ2H_dinosterol and corresponding precipitation rate

[Modern-LIA] [Modern-MCA] [LIA-MCA]
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rate during the MCA (5 samples) was (-281 ‰) and (5.8 mm d-1), indicating drier MCA 

conditions (Fig. 3D; Table 3). 

In Red Lake (Thion, Vanuatu) the average d2Hdinosterol value (-261 ‰) and 

precipitation rate (4.2 mm d-1) during the modern period (7 samples) was more 2H-

depleted/wetter than the average d2Hdinosterol value (-251 ‰) and precipitation rate (3.3 mm 

d-1) during the LIA (12 samples) and the MCA (7 samples) when the average d2Hdinosterol 

value was -256 ‰ and precipitation rate 3.7 mm d-1 (Fig. 4D; Table 3). In nearby White 

Lake, the average d2Hdinosterol value (-273 ‰) and precipitation rate (5.1 mm d-1) during the 

modern period (12 samples) was also more 2H-depleted/wetter than the average d2Hdinosterol 

value (-262 ‰) and precipitation rate (4.2 mm d-1) during the LIA (14 samples) and was 

also more 2H-depleted/wetter than the average d2Hdinosterol value (-265 ‰) and precipitation 

rate (4.5 mm d-1) during the MCA (16 samples) (Fig. 4D; Table 3). This trend was similar 

but muted in Lake Emaotul (Efate, Vanuatu), the average d2Hdinosterol value (-272 ‰) and 

precipitation rate (5.0 mm d-1) during the modern period (7 samples) was similar to the 

average d2Hdinosterol value (-268 ‰) and precipitation rate (4.7 mm d-1) during the LIA (8 

samples) and the average d2Hdinosterol value (-272 ‰) and precipitation rate (5.1 mm d-1) 

during the MCA (5 samples) (Fig. 4D; Table 3). 

In Lac Lanutavake (Wallis) combined UC1 and UC4 had an average d2Hdinosterol 

value (-287) and precipitation rate (6.4 mm d-1) during the modern period (11 samples) 

similar to the average d2Hdinosterol value (-289 ‰) and precipitation rate (6.5 mm d-1) during 

the LIA (15 samples) and the average d2Hdinosterol value (-283 ‰) and precipitation rate (6.0 

mm d-1) during the MCA (5 samples) (Fig. 5D; Table 3). In Lake Lanoto’o (Samoa), the 

average d2Hdinosterol value (-281 ‰) and precipitation rate (5.8 mm d-1) during the modern  
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Fig. 3. Solomon Islands d2Hdinosterol (left axis) and calculated precipitation rate (right axis) 
versus age. Horizontal error bars are 95% prediction intervals from BACON age models and 
vertical error bars are the standard deviations of triplicate injections (or the pooled 
uncertainty if only one injection was made). Blue and red bands indicate LIA and MCA and 
colored bars on the right axis indicate average estimated uncertainty in calculated 
precipitation. Gray dashed lines indicate observed mean GPCP precipitation rate. Note 
inverse scale for d2Hdinosterol data. A) SBARUC2 from Barora Pond (Tetepare), B) 
STAVUC4 from Lake Tavara (Tetepare), and C) SHARIUC2 from Harai Lake #1 
(Rendova). D) Calculated anomalies from all samples that fell within a defined time 
including Modern (1850-present), LIA (1450-1850), or MCA (950-1250).  
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Fig. 4. Vanuatu d2Hdinosterol (left axis) and calculated precipitation rate (right axis) versus 
age. Horizontal error bars are 95% prediction intervals from BACON age models and 
vertical error bars are the standard deviations of triplicate injections (or the pooled 
uncertainty if only one injection was made). Blue and red bands indicate LIA and MCA and 
colored bars on the right axis indicate average estimated uncertainty in calculated 
precipitation. Gray dashed lines indicate observed mean GPCP precipitation rate. Note 
inverse scale for d2Hdinosterol data. A) VTWUC3 from Red Lake, (Thion), B) VTWUC2 from 
White Lake, (Thion), and C) VAN from Lake Emaotul, (Efate). D) Calculated anomalies 
from all samples that fell within a defined time including Modern (1850-present), LIA 
(1450-1850), or MCA (950-1250). 
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Fig. 5. Wallis and Samoa d2Hdinosterol (left axis) and calculated precipitation rate (right axis) 
versus age. Horizontal error bars are 95% prediction intervals from BACON age models and 
vertical error bars are the standard deviations of triplicate injections (or the pooled 
uncertainty if only one injection was made). Blue and red bands indicate LIA and MCA and 
colored bars on the right axis indicate average estimated uncertainty in calculated 
precipitation. Gray dashed lines indicate observed mean GPCP precipitation rate. Note 
inverse scale for d2Hdinosterol data. A) LALOUC13 (light gray squares), UC14 (dark gray 
squares), UC22 (black circles), UC24 (white circles) from Lac Lalolalo (Wallis), horizontal 
bars indicate value from the homogenized uppermost 0-10cm sample (LALOUC13) and 0-
15cm sample (LALOUC14). B) LATCKUC1 (dark blue) and UC4 (cyan) from Lac 
Lanutavake (Wallis), and C) LAN from Lake Lanoto’o, (Samoa). D) Calculated anomalies 
from all samples that fell within a defined time including Modern (1850-present), LIA 
(1450-1850), or MCA (950-1250). The question marks in the anomalies of Lac Lalolalo 
indicate that d2Hdinosterol in this core is likely susceptible to non-hydrological processes and 
should be interpreted with caution. 
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period (4 samples) was more 2H-depleted/wetter than the average d2Hdinosterol value (-271 ‰) 

and precipitation rate (5.0 mm d-1) during the LIA (3 samples) and the average d2Hdinosterol 

value (-268 ‰) and precipitation rate (4.7 mm d-1) during the MCA (3 samples) (Fig. 5D; 

Table 3). 

 

Discussion 

The d2Hdinosterol and magnetic susceptibility data presented here offer a spatially 

broad picture of Late Holocene precipitation variability in the SPCZ region. The records 

show wet hydroclimate conditions in the Modern period (1840-present), and widespread dry 

conditions during the LIA (1450-1850) and MCA (950-1250) discussed in detail below (Fig. 

3-5; Table 4). Records that extend back prior to the MCA (-850-1250) indicate generally 

wetter conditions.  

The high-resolution record from Barora Pond (Tetepare, Solomon Islands) shows 

large inter-annual variability in precipitation rates that are well aligned with changes in 

magnetic susceptibility data during the Modern period. Compared to available instrumental 

data from three nearby rain gauges and GPCP data (Fig. S8) precipitation rates calculated 

from d2Hdinosterol values and magnetic susceptibility generally follow major hydrologic trends 

within age model uncertainties, demonstrating the coherence between rain, δ2Hdinosterol, and 

magnetic susceptibility. FIG SBAR also reveals the disparate precipitation rates from 

different gauge stations around the Solomon Islands and GPCP data, which highlights how 

precipitation rates calculated in this study follow closely regional GPCP-like precipitation 

rather than extremely localized precipitation.  
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The assessment of moisture changes on Wallis is complicated by contradictory 

behavior of d2Hdinosterol records from Lac Lalolalo and Lac Lanutavake (Fig. 5). For instance, 

d2Hdinosterol values in Lac Lanutavake remained relatively stable from the LIA to Modern, but 

Lac Lalolalo had a very large Modern-LIA d2Hdinosterol anomaly of -27‰. The very different 

d2Hdinosterol ranges in duplicate records from both lakes imply that d2Hdinosterol in (at least) one 

of these lakes must have been influenced by non-climate environmental parameters. Lac 

Lalolalo exhibited changes in d2Hdinosterol values larger than two nearby freshwater lakes 

(Lac Lanutavake and Lac Lanoto’o on Samoa) and is therefore the most likely candidate to 

suffer from non-climate impacts on d2Hdinosterol. Furthermore, Lac Lalolalo’s multiple water 

inputs including rainwater (lake surface), groundwater (mid-depths), and ocean water (lake 

bottom) (Fig. 6), plus its uniquely great depth offer comparatively more opportunities for 

environmental impacts on d2Hdinosterol. Given the outstanding differences between d2Hdinosterol 

in the two Wallis lakes, and the similarities between the records from Lac Lanutavake and 

Lake Lanoto’o (Samoa), extreme caution should be used before making interpretations 

about precipitation from the Lac Lalolalo d2Hdinosterol values. The reason why d2Hdinosterol 

records in Lac Lalolalo were so different than Lac Lanutavake remains unanswered. Several 

possibilities include biological impacts such as 2H-enrichment due to increased surface 

salinity (Maloney et al., 2016; Nelson and Sachs, 2014; Sachs et al., 2016; Sachs and 

Schwab, 2011; Sachse and Sachs, 2008; Schouten et al., 2006; Weiss et al., 2017), a shift in 

species composition (Sessions et al., 1999; Zhang and Sachs, 2007), or a change in preferred 

metabolism (a shift from heterotrophy to photoautotrophy) (Dawson et al., 2015; 

Heinzelmann et al., 2015; Osburn et al., 2016; Zhang et al., 2009). Additionally, post 
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depositional alterations to the isotope signature of dinosterol have been suggested to take 

place in highly eutrophic lakes (Schwab et al., 2015). 

 
Fig. 6. Hydrogen isotope ratios of environmental water samples (left) and salinity profiles 
(right) from Wallis Island lakes. The most 2H-depleted sample is tap water (green circle), 
which is sourced from groundwater and reflects the long term mean rain water isotopic 
composition. Lac Lalolalo (black diamonds and black line), Lac Lanutavake (blue diamonds 
and blue line), and Lake Lano (brown diamond) are all 2H-depleted compare to ocean water 
(pink circle). Individual rain events shown (green crosses). 

 

Dry conditions during the Little Ice Age 

 The most coherent result from the d2Hdinosterol data is the widespread agreement for a 

dry LIA compare to Modern throughout SPCZ islands with rainfall rates 0.3 – 0.9 mm d-1 

lower (Table 4). d2Hdinosterol values were more 2H-depleted in the Modern (1840-present) 

compare to the LIA (1450-1850) in the Solomon Islands (2 of 2 cores), Vanuatu (3 of 3 

cores), and Samoa (1 of 1 core), and slightly 2H-enriched on Wallis Island (considering only 
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positive anomaly in Lac Lalolalo cores may be sensitive to environmental change) (Fig. 3-5; 

Table 4). The widespread [Modern-LIA] d2Hdinosterol anomalies (between -9 to -11‰) 

provides strong evidence for decreased precipitation and/or increased evaporation during the 

LIA at all locations except potentially Wallis. Precipitation rates from the GPCP-d2Hdinosterol 

core-top calibration (Chapter 3) gave [Modern-LIA] calculated precipitation anomalies of 

0.90 – 0.93 mm d-1 on Tetepare and Rendova (Solomon Islands), 0.31 – 0.87 mm d-1 on 

Thion and Efate (Vanuatu), and 0.78 mm d-1 on Samoa (Fig. 3-5; Table 4).  

A dry SPCZ LIA is also evident in nearby speleothem records that have slightly 

more 18O-depleted samples in the Modern versus late-LIA from Efate (Vanuatu) (Partin et 

al., 2013) and Guadalcanal (Solomon Islands) (Maupin et al., 2014). A drier LIA climate is 

consistent with decreased runoff detected across the SPCZ from Australia (Lough, 2011) to 

French Polynesia (Toomey et al., 2016) and more saline LIA sea surface salinities in coral 

records extending into part of the LIA from Fiji and Rarotonga (Linsley et al., 2006, 2004), 

Vanuatu (Quinn et al., 1993), New Caledonia (Quinn et al., 1998), and the nearby Great 

Barrier Reef (Druffel and Griffin, 1993; Hendy et al., 2002) and Coral Sea (Calvo et al., 

2007); for a synthesis see (Smerdon et al., 2017).  

Possible causes of widespread LIA dryness include a less expansive/intense SPCZ or an 
equatorward shift of the SPCZ. Linsley et al. (2006) interpreted high LIA salinities from 
coral records to indicate a more “La Niña-like” Modern period since observed La Niñas 
result in increased SPCZ rainfall (Fig. 1). Quantitative estimates of rainfall from the SPCZ 
region can help inform if comparisons to ENSO can appropriately describe past rainfall 
regimes. To test the analogy, observed ENSO shifts during the 1979-2017 GPCP period 
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caused [La Niña - El Niño] anomalies of 1.3 mm d-1 in the Solomon Islands, 2.4 mm d-1 on 

 
Fig. 7. Comparison of magnetic susceptibility records from the Solomon Islands and Wallis 
to nearby records that indicate the extent of the MCA drought. Horizontal bars indicate the 
average BACON modelled maximum and minimum ages. A) Makassar Straight leaf wax 
isotopes (Tierney et al. 2010) inverted, B) MS from SRANUC1, Lake Rano, Rendova, 
Solomon Islands, C) MS records from two sediment cores LATVKUC1 and LATVKUC4 
from Lac Lanutavake (Wallis Island), D), MS records from two sediment cores LALOUC13 
and LALOUC14 from Lac Lalolalo (Wallis Island), E) Ti/Ca record from French Polynesia 
(Toomey et al. 2016). 
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Thion Island (Vanuatu), 0.6 mm d-1 on Samoa, and 1 mm d-1 on Wallis (Fig. 1; Table 2). 

Compared to our calculated paleoprecipitation rates, dinosterol hydrogen isotope derived 

[Modern-LIA] precipitation anomalies were smaller than ENSO anomalies in the Solomon 

Islands, Vanuatu, and Wallis, but larger than Samoa. If correct, this suggests that 

precipitation associated with a “La Niña-like” mean state had a different spatial expression 

than actual modern La Niña’s, or that the centennial-scale variability that caused LIA 

dryness is different than ENSO. However, the actual magnitudes of both observed [La Niña 

- El Niño] and calculated [Modern-LIA] anomalies remain tentative due to GPCP 

uncertainties of ~1.4 mm d-1 (Adler et al., 2012), and estimated calculated rainfall 

uncertainties of ~1-3 mm d-1 (Chapter 3) which are shown as blocks of color on the right 

axis in Figures 2-5.  

It is not clear why a dry LIA was detected in the Solomon Islands, Vanuatu, and 

Samoa, but not on Wallis (Table 4) and if it is a result of spatial heterogeneity of past 

hydrologic change or to unknown influence on the δ2Hdinosterol record in Lac Lanutavake. Lac 

Lalolalo indicates a very large change, but it is likely that this signal is not due to climate. 

Unfortunately, the magnetic susceptibility signals that offer insight into older hydrologic 

changes (Fig. S9) are not available for the upper portions of these cores since they were 

sectioned in the field. It is noteworthy that Wallis has the deepest lakes in this study (25 and 

88 m). Thus, they should be slower to respond to hydrologic changes due to the longer 

residence time of water. Presently, both Lac Lanutavake and Lac Lalolalo have strong 

oxyclines at 10m, suggesting that the effective depths of these lakes are comparable to other 

lakes in the study. But if the Wallis lakes were not always been meromictic, then it is 

possible that the amplitudes of past hydrologic change were muted as a function of lake 
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depth, precipitation rate (Fig. S10), and their connection to the slow-responding water table. 

Indicators of lake stratification could help constrain how these unique lake sites may have 

changed during the past. 

 

Drought during the Medieval Climate Anomaly 

d2Hdinosterol values were also 2H-depleted during the Modern (1840-present) compare 

to the MCA (950-1250) in the Solomon Islands (1 core), Vanuatu (2 of 3 cores), Wallis (1 

core, considering only Lake Lanutavake), and Samoa (1 core) (Fig. 2; Fig. 3; Table 3). The 

[LIA- MCA] anomaly indicates that MCA was not as dry as the LIA in Vanuatu, but the 

MCA was drier than the LIA in the Solomon Islands, Wallis, and Samoa (Fig. 3-5; Table 

4). Calculated precipitation rates from the GPCP-d2Hdinosterol core-top calibration Eq. 1 

(Chapter 3) gave [Modern- MCA] precipitation anomalies as large as 3.48 mm d-1 in Harai 

Lake #1 on Rendova (Solomon Islands), 1.10 mm d-1 in Lake Lanoto’o on Samoa, and 0.62 

mm d-1 in White Lake on Thion (Vanuatu) (Table 4).  
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Fig. 8. Comparison of d2Hdinosterol (this study: left axis in yellow) to d2Hnc26fattyacid from 
Hassall (2017) (right axis in black). X-axis error bars represent min and max ages from 
BACON age model and y-axis errors are standard deviations from multiple injections.  

 

The striking 3.1 mm d-1 change on Rendova is more than two times larger than the 

mean observed [La Niña - El Niño] anomaly and three times larger than the mean seasonal 

[DJF-JJA] anomaly calculated from GPCP data at this location. A large and persistent 

drought in the region of the Solomon Islands would be required to produced such a 

remarkable change. Magnetic susceptibility signals may offer independent confirmation of 

precipitation change since they often reflect changes in runoff (Hodell et al., 2008; Liu et al., 

2011; Rodysill et al., 2012). The magnetic susceptibility signal in Lake Harai #1 was small 

(Fig. S2) since the core primarily consisted of organic matter. But nearby Lake Rano’s 

sediments had highly variable magnetic susceptibility with a distinctly low magnetic 

susceptibility response during the MCA that coincides with Lake Harai #1 2H-

enrichement/drying. If this low magnetic susceptibility signal was not caused by changes in 
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preservation of magnetic minerals, then it qualitatively confirms a drier MCA than the LIA 

in the Solomon Islands (Fig. 7).  

A similar low MCA magnetic susceptibility signal was observed in both cores from 

Lac Lanutavake on Wallis Island (Fig. 7; Fig. S9), and while the algal lipid isotope response 

was small, it agrees in sign with the magnetic susceptibility data, and is especially evident 

when comparing the z-scores of Lac Lanutavake magnetic susceptibility and d2Hdinosterol. 

This suggests that magnetic susceptibility primarily reflects hydrological change (Fig. S9) 

and supports a dry MCA on Wallis. However, data from nearby Samoa are less clear, only 

three d2Hdinosterol values span the MCA in Lake Lanoto’o and a particularly 2H-enriched 

sample during the early MCA indicates that Samoa may have been dry during part of this 

time interval (Fig. 5). However, comparison of d2Hdinosterol values to the leaf wax hydrogen 

isotope and magnetic susceptibility records (Hassall, 2017) suggests that Samoa was 

relatively wet during the MCA (Fig. 8). Since Samoa and Wallis are so close to each other, 

this is a key location to further investigate hydrological changes in during this time interval, 

especially if the two locations did experience opposite trends.  

How extensive were drought conditions during the MCA? Figure 7 compares 

magnetic susceptibility records from Rendova (Solomon Islands) and Wallis to a 

hydrological record east of the SPCZ in Indonesia which also shows a dry MCA (Tierney et 

al., 2010). This indicates that a drought in the Solomon Islands may be caused by the same 

mechanism responsible for dry climate in Indonesia during the MCA. Meanwhile a runoff 

record from French Polynesia shows a wet MCA (Toomey et al., 2016) suggesting that the 

spatial limit of the MCA drought was somewhere between Wallis and French Polynesia. 

Interestingly, as noted in Toomey et al., 2016, the start of dry conditions in the east Pacific 
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and wet conditions in French Polynesia coincided with the first human migrations from 

Samoa to the remote islands of French Polynesia between ~1025 and 1120 (Wilmshurst et 

al., 2011).  

 

Conclusion 

  This study combined replicate records of paleohydrology generated from algal lipid 

biomarker hydrogen isotope ratios from across the SPCZ region. Many of the isotope 

records are supported by similar trends in the magnetic susceptibility records in the same or 

in nearby lakes. The driest time in the Solomon Islands was during the MCA as evidenced 

by the d2Hdinosterol record from Harai Lake #1 and magnetic susceptibility record from Lake 

Rano. The Solomon Islands Modern and LIA periods experienced wetter conditions where 

the Modern was likely wetter than the LIA as inferred by Lake Tavara and Harai Lake #1 

d2Hdinosterol records.  

Three records from 2 islands on Vanuatu suggest a wet Modern and dry past where 

LIA was possibly drier than the MCA (unlike the Solomon Islands and possibly Wallis). 

This suggests that the dry conditions evident in the Solomon Islands during the MCA may 

have extended eastward to Wallis but did not extend southeastward to Vanuatu. 

On Samoa the d2Hdinosterol record from Lake Lanoto’o suggests that the Modern was 

wetter than the past and that conditions may have been dry just prior to the MCA, but a low 

resolution record of leafwax hydrogen isotopes and magnetic susceptibility data (Hassall, 

2017) suggests that the MCA was relatively wet. Interpretations of paleohydrology from the 

records on Wallis Island are limited since d2Hdinosterol records that have very good intra-lake 

agreement show very different inter-lake patterns. Independent proxies of hydroclimate such 
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as magnetic susceptibility can help clarify past change; the coherent (although small) 

variations in d2Hdinosterol suggests that magnetic susceptibility in Lac Lanutavake primarily 

reflects runoff rather than preservation, indicating that the MCA was dry. 

Taken together and compared to nearby records, it appears that the SPCZ was more 

expansive/intense or shifted equator-wards during the LIA causing widespread dry 

conditions. The MCA was even drier in the Solomon Islands and possibly Wallis during the 

MCA but not as dry in Vanuatu. Samoa and French Polynesia appear to be wetter during the 

MCA.  
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Chapter 4 Appendix A. Supplementary data 
 

 

Modeled	
age	(yrs	
C.E.)

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	

age	(yrs	BP)

W.Mean	
modeled	

age	(yrs	BP)

δ2H	
dinosterol	

(‰)

LATVKUC1	
Analytical	
SD	(‰)**

n Z-score

2011.2 0.5 -63.4 -59.4 -61.1 -61.2 	-295.8* 	16* 	2* 1.6722
2011.0 1.5 -63.0 -59.3 -60.9 -61.0 -311.2 3.5 3 -0.9430
2010.5 2.5 -62.1 -59.1 -60.5 -60.5 -302.0 4.5 3 0.6300
2010.1 3.5 -61.5 -58.7 -60.1 -60.1 -303.3 2.9 3 0.4172
2009.6 4.5 -61.1 -58.2 -59.7 -59.6 -303.4 4.4 3 0.3891
2009.2 5.5 -60.9 -57.5 -59.2 -59.2 -306.0 7.0 3 -0.0466
2008.7 6.5 -60.4 -56.9 -58.8 -58.7 -306.7 2.8 3 -0.1806
2008.2 7.5 -59.9 -56.4 -58.2 -58.2 -304.8 5.1 3 0.1566
2007.7 8.5 -59.6 -55.7 -57.7 -57.7 -301.6 3.4 3 0.7017
2007.1 9.5 -59.3 -54.8 -57.2 -57.1 -307.6 2.9 3 -0.3353
2006.6 10.5 -59.1 -53.9 -56.7 -56.6 -303.3 3.6 3 0.4099
2006.0 11.5 -58.5 -53.3 -56.1 -56.0 -299.1 6.6 3 1.1426
2004.7 13.5 -57.0 -52.4 -54.8 -54.7 -301.9 7.1 3 0.6600
2004.1 14.5 -56.6 -51.6 -54.2 -54.1 -308.3 4.1 3 -0.4522
2003.5 15.5 -56.3 -50.5 -53.6 -53.5 -307.1 4.3 3 -0.2374
2002.8 16.5 -55.7 -49.6 -52.9 -52.8 -300.0 4.9 3 0.9751
2002.1 17.5 -55.0 -49.0 -52.2 -52.1 -304.5 6.2 6 0.2006
2001.4 18.5 -54.5 -48.3 -51.4 -51.4 -311.0 3.5 6 -0.9141
2000.7 19.5 -54.2 -47.3 -50.7 -50.7 -303.8 8.2 4 0.3328
2000.0 20.5 -53.8 -46.1 -50.0 -50.0 -305.1 1.0 3 0.1073
1999.3 21.5 -53.0 -45.3 -49.4 -49.3 -300.0 1.6 4 0.9795
1998.5 22.5 -51.9 -44.9 -48.6 -48.5 -298.3 4.5 3 1.2830
1997.8 23.5 -51.0 -44.5 -47.9 -47.8 -301.1 2.8 4 0.7999
1997.1 24.5 -50.4 -43.9 -47.1 -47.1 -304.9 4.4 3 0.1404
1995.7 26.5 -49.2 -42.3 -45.8 -45.7 -309.7 1.7 3 -0.6869
1993.2 30.5 -46.9 -39.4 -43.2 -43.2 -307.1 5.4 5 -0.2391
1990.6 34.5 -44.8 -36.2 -40.6 -40.6 -305.7 2.7 3 -0.0090
1986.7 40.5 -41.5 -31.6 -36.8 -36.7 -313.9 3.1 3 -1.4165
1985.3 42.5 -40.2 -30.2 -35.4 -35.3 -315.2 2.8 8 -1.6473
1979.5 50.5 -35.8 -22.0 -29.7 -29.5 -316.6 8.8 3 -1.8873
1972.5 58.5 -31.5 -10.0 -23.2 -22.5 -315.8 5.4 3 -1.7482
1965.0 66.5 -27.5 3.2 -16.3 -15.0 -311.3 1.6 3 -0.9617
1961.3 70.5 -25.1 9.1 -12.7 -11.3 -309.3 3.8 5 -0.6282
1957.5 74.5 -22.6 15.1 -9.1 -7.5 -311.8 2.8 3 -1.0564
1950.1 82.5 -17.7 25.9 -2.0 -0.1 -297.9 6.3 3 1.3399
1942.7 90.5 -12.8 37.4 5.1 7.3 -299.8 1.7 3 1.0162
1935.4 98.5 -6.9 47.8 12.0 14.6 -290.7 6.5 3 2.5827
1927.8 106.5 -1.3 59.4 19.2 22.2 -301.1 3.6 3 0.7839
1920.2 114.5 4.6 69.3 26.4 29.8 -306.7 1.4 3 -0.1702
1912.8 122.5 10.2 79.5 33.4 37.2 -307.7 5.3 4 -0.3488
1905.4 130.5 16.4 89.3 40.5 44.6 -314.5 9.0 3 -1.5183
1897.7 138.5 23.4 99.0 47.8 52.3 -313.2 5.8 5 -1.2933

TABLE	S1.	SBARUC2	from	Barora	Pond	(Tetepare,	Solomon	Islands)	BACON	age	model,	δ2H	dinosterol,	and	z-
score.	Depths	indicate	midpoint	of	1cm	intervals.

*Coretop	value	and	SD	are	average	and	SD	of	two	0-1cm	samples	(SBARUC2	and	SBARUC3)	from	Chapter	3
**The	pooled	analytical	uncertainty	for	these	samples	was	4.9‰
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Modeled	
age	(yrs	
C.E.)

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	

age	(yrs	BP)

W.Mean	
modeled	

age	(yrs	BP)

δ2H	
dinosterol	

(‰)

LATVKUC1	
Analytical	
SD	(‰)**

n Z-score

2011 0.5 -64 -59 -61 -61 	-314.4* 	4.1* 2* -0.1358
2007 2.5 -59 -55 -57 -57 -318.6 2.8 3 -0.7906
2003 4.5 -56 -50 -53 -53 -315.5 6.1 3 -0.3447
1999 6.5 -52 -45 -49 -49 -315.7 2.6 3 -0.3731
1993 8.5 -48 -38 -44 -43 -313.1 8.2 3 -0.0102
1988 10.5 -44 -31 -38 -38 -320.4 3.1 3 -1.0388
1982 12.5 -40 -24 -33 -32 -315.1 3.1 3 -0.2975
1976 14.5 -35 -16 -27 -26 -315.1 3.3 3 -0.2940
1970 16.5 -29 -10 -21 -20 -317.9 4.5 3 -0.6907
1964 18.5 -24 -2 -14 -14 -322.5 5.7 3 -1.3346
1957 20.5 -18 6 -7 -7 -313.7 5.2 5 -0.0923
1949 22.5 -12 16 1 1 -323.3 3.2 3 -1.4565
1941 24.5 -5 26 9 10 -314.1 8.7 5 -0.1432
1931 26.5 2 39 19 19 -321.1 9.2 4 -1.1411
1920 28.5 9 52 29 30 -309.7 10.4 3 0.4673
1910 30.5 17 63 40 40 -324.5 3.5 3 -1.6221
1900 32.5 25 75 50 50 -319.6 12.1 3 -0.9290
1889 34.5 33 87 62 61 -323.4 2.8 3 -1.4645
1878 36.5 42 100 72 72 -317.7 16.5 3 -0.6600
1856 40.5 61 124 94 94 -303.2 8.1 3 1.3931
1835 44.5 81 146 115 115 -313.1 7.5 3 -0.0143
1814 48.5 102 167 136 136 -303.5 6.2 4 1.3446
1792 52.5 123 188 158 158 -303.9 10.9 5 1.2887
1771 56.5 145 207 180 179 -304.4 6.0 3 1.2236
1749 60.5 165 228 202 201 -303.0 2.0 3 1.4175
1727 64.5 188 254 224 224 -311.7 3.9 4 0.1948
1704 68.5 210 279 247 246 -307.9 5.2 3 0.7327
1681 72.5 233 301 269 269 -305.2 6.9 4 1.1075
1658 76.5 257 324 292 292 -308.8 2.5 4 0.5974
1635 80.5 281 346 315 315 -303.5 9.4 4 1.3518
1613 84.5 306 368 337 337 -300.9 7.2 4 1.7143

TABLE	S2.	STAVUC4	from	Lake	Tavara	(Tetepare,	Solomon	Islands)	BACON	age	model,	δ2H	dinosterol,	and	z-
score.		Depths	indicate	midpoint	of	1cm	intervals.

*Coretop	value	and	SD	are	average	and	SD	of	two	0-1cm	samples	(STAVUC1	and	STAVUC4)	from	Chapter	3
**The	pooled	analytical	uncertainty	for	these	samples	was	7.0‰
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Modeled	
age	(yrs	
C.E.)

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	

age	(yrs	BP)

W.Mean	
modeled	

age	(yrs	BP)

δ2H	
dinosterol	

(‰)

LATVKUC1	
Analytical	
SD	(‰)**

n Z-score

2001 0.5 -62 -34 -50 -51 	-316.0* 	8.5* 3* -1.0171
1979 1.5 -61 20 -25 -29 -319.9 3.0 2 -1.2322
1859 7.5 -12 221 85 91 -334.8 3.2 3 -2.0556
1821 9.5 11 269 123 129 -315.0 4.3 3 -0.9585
1766 12.5 56 321 180 184 -321.7 4.2 3 -1.3295
1729 14.5 89 355 219 221 -312.8 2.5 3 -0.8385
1670 17.5 148 400 281 280 -314.8 3.2 3 -0.9511
1632 19.5 196 427 319 318 -316.4 5.6 4 -1.0401
1575 22.5 265 464 378 375 -310.7 2.5 2 -0.7217
1534 24.5 315 489 421 416 -312.1 2.7 3 -0.8021
1455 27.5 402 583 495 495 -295.3 0.6 2 0.1305
1388 29.5 462 656 561 562 -280.0 7.9 3 0.9772
1205 32.5 664 815 746 745 -287.3 1.4 3 0.5757
1115 34.5 752 901 835 835 -274.4 1.2 3 1.2897
1030 37.5 809 991 923 920 -283.1 4.0 3 0.8068
996 39.5 836 1019 960 954 -277.3 5.1 4 1.1290
975 41.5 865 1039 980 975 -284.9 1.1 3 0.7036
943 45.5 927 1074 1006 1008 -284.3 3.3 3 0.7372
916 49.5 970 1104 1031 1034 -288.8 2.3 3 0.4922
892 53.5 990 1136 1054 1058 -282.9 1.9 2 0.8189
867 57.5 1009 1169 1079 1083 -277.8 1.2 2 1.0984
843 61.5 1030 1199 1103 1107 -285.4 2.4 3 0.6809
819 65.5 1051 1227 1126 1131 -281.7 0.8 2 0.8839
795 69.5 1073 1255 1150 1155 -286.4 5.2 3 0.6222

TABLE	S3.	SHARIUC2	from	Lake	Harai#1	(Rendova,	Solomon	Islands)	BACON	age	model,	δ2H	dinosterol,	and	z-
score.	Depths	indicate	midpoint	of	1cm	intervals.

*Coretop	value	from	Chapter	3
**The	pooled	analytical	uncertainty	for	these	samples	was	4.0‰

Modeled	
age	(yrs	
C.E.)

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	

age	(yrs	BP)

W.Mean	
modeled	

age	(yrs	BP)

δ2H	
dinosterol	

(‰)

LATVKUC1	
Analytical	
SD	(‰)**

n Z-score

2001 0.5 -61.8 -34.1 -49.6 -50.7 	-316.0* 	8.5* 3* -1.0171
1979 1.5 -60.6 20.2 -24.6 -29.3 -319.9 3.0 2 -1.2322
1859 7.5 -12.2 220.9 84.8 91.2 -334.8 3.2 3 -2.0556
1821 9.5 10.5 269.4 122.6 128.6 -315.0 4.3 3 -0.9585
1766 12.5 55.7 321.3 179.8 183.8 -321.7 4.2 3 -1.3295
1729 14.5 88.6 354.7 219 221.2 -312.8 2.5 3 -0.8385
1670 17.5 148.1 400.1 280.8 279.7 -314.8 3.2 3 -0.9511
1632 19.5 195.9 426.9 318.8 317.7 -316.4 5.6 4 -1.0401
1575 22.5 264.7 463.7 378.2 374.7 -310.7 2.5 2 -0.7217
1534 24.5 314.9 489 421.4 415.7 -312.1 2.7 3 -0.8021
1455 27.5 401.6 583.4 495.4 494.7 -295.3 0.6 2 0.1305
1388 29.5 461.6 656.4 561.2 562.3 -280.0 7.9 3 0.9772
1205 32.5 663.6 815.1 746.1 744.6 -287.3 1.4 3 0.5757
1115 34.5 751.8 900.7 835.4 834.6 -274.4 1.2 3 1.2897
1030 37.5 808.5 991.1 923.1 919.8 -283.1 4.0 3 0.8068
996 39.5 835.7 1018.6 959.9 954 -277.3 5.1 4 1.1290
975 41.5 864.8 1039.3 979.8 975.3 -284.9 1.1 3 0.7036
943 45.5 927 1074.3 1006.3 1007.5 -284.3 3.3 3 0.7372
916 49.5 969.8 1104.2 1030.9 1034.3 -288.8 2.3 3 0.4922
892 53.5 989.7 1136.2 1054.4 1058.4 -282.9 1.9 2 0.8189
867 57.5 1009.2 1168.7 1079.1 1082.8 -277.8 1.2 2 1.0984
843 61.5 1030.1 1198.9 1102.6 1106.7 -285.4 2.4 3 0.6809
819 65.5 1051.2 1226.9 1126.4 1130.9 -281.7 0.8 2 0.8839
795 69.5 1072.7 1255.3 1150.1 1155 -286.4 5.2 3 0.6222

TABLE	S3.	SHARIUC2	from	Lake	Harai#1	(Rendova,	Solomon	Islands)	BACON	age	model,	δ2H	dinosterol,	and	z-
score.	Depths	indicate	midpoint	of	1cm	intervals.

*Coretop	value	from	Chapter	3
**The	pooled	analytical	uncertainty	for	these	samples	was	4.0‰
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Modeled	
age	(yrs	
C.E.)

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	

age	(yrs	BP)

W.Mean	
modeled	

age	(yrs	BP)

δ2H	
dinosterol	

(‰)

Analytical	
SD	(‰)** n Z-score

2007 0.5 -63 -51 -57 -57 	-251.3* 	12* 3* 0.6356
1984 2.5 -61 -5 -32 -34 -268.2 3.9 3 -1.1724
1960 4.5 -59 40 -7 -10 -272.9 7.7 3 -1.6590
1938 6.5 -48 71 12 13 -266.9 4.6 4 -1.0355
1926 7.5 -44 99 20 24 -257.4 1.8 2 -0.0393
1915 8.5 -39 130 29 35 -250.6 3.2 2 0.6734
1904 9.5 -36 163 38 46 -265.1 (7.3) 1 -0.8435
1849 14.5 2 232 91 101 -270.0 13.3 2 -1.3542
1826 16.5 22 253 113 124 -258.2 8.0 3 -0.1197
1815 17.5 29 263 124 135 -252.4 (7.3) 1 0.4836
1791 19.5 41 300 145 159 -257.3 (7.3) 1 -0.0208
1720 24.5 88 386 221 230 -248.9 (7.3) 1 0.8520
1676 27.5 132 424 268 274 -256.2 (7.3) 1 0.0941
1618 31.5 180 479 332 332 -237.9 6.4 3 2.0091
1603 32.5 192 490 348 347 -232.0 (7.3) 1 2.6249
1588 33.5 203 503 364 362 -243.2 1.3 3 1.4566
1574 34.5 211 519 379 376 -253.3 9.8 3 0.3954
1529 37.5 272 550 424 421 -255.1 6.9 3 0.2081
1470 41.5 340 593 483 480 -254.3 8.9 3 0.2926
1427 44.5 387 624 528 523 -250.3 3.2 2 0.7119
1385 47.5 478 643 565 565 -264.6 5.0 2 -0.7962
1343 50.5 546 669 605 607 -246.0 5.6 4 1.1643
1307 53.5 581 711 641 643 -259.0 2.9 4 -0.2012
1274 56.5 600 764 674 676 -254.7 5.6 3 0.2514
1243 59.5 616 809 705 708 -270.1 3.5 3 -1.3724
1212 62.5 641 839 737 739 -248.4 10.4 3 0.9086
1181 65.5 662 874 768 769 -252.4 7.5 3 0.4935
1149 68.5 691 898 803 801 -253.1 31.9 2 0.4126
1117 71.5 721 925 837 833 -239.1 6.7 5 1.8803
1049 77.5 798 977 909 901 -258.2 2.7 3 -0.1216
975 83.5 899 1046 974 975 -268.3 4.9 2 -1.1806
912 89.5 977 1109 1031 1038 -265.0 (7.3) 1 -0.8386
888 92.5 998 1139 1060 1062 -257.5 4.0 2 -0.0441
866 95.5 1013 1178 1087 1084 -258.0 5.3 3 -0.0982
847 98.5 1025 1211 1103 1103 -256.2 0.9 2 0.0905
828 101.5 1037 1248 1120 1123 -267.5 4.6 3 -1.1007
793 107.5 1055 1312 1150 1157 -257.8 (7.3) 1 -0.0739
773 110.5 1067 1351 1168 1177 -252.3 (7.3) 1 0.5034
754 113.5 1084 1382 1188 1196 -249.3 1.1 2 0.8093
735 116.5 1101 1420 1207 1215 -255.2 (7.3) 1 0.1936
716 119.5 1117 1465 1229 1234 -267.4 3.1 2 -1.0835
710 125.5 1123 1476 1235 1241 -268.0 3.7 3 -1.1511
674 131.5 1151 1555 1271 1276 -270.6 6.4 4 -1.4240
640 137.5 1158 1630 1292 1310 -270.5 8.2 2 -1.4143

TABLE	S4.	VTRUC3	from	Red	Lake	(Thion	Island,	Vanuatu)	BACON	age	model,	δ2H	dinosterol,	and	z-score.	Ages	
below	121cm	are	linearly	interpolated.	Depths	indicate	midpoint	of	1cm	sample	intervals.

*Coretop	value	and	SD	are	average	and	SD	of	three	0-1cm	samples	(VTRUC1,	VTRUC2,	VTRUC5)	from	Chapter	3
**The	pooled	analytical	uncertainty	for	these	samples	was	7.3‰,	used	for	samples	with	only	one	injection

Modeled	
age	(yrs	
C.E.)

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	

age	(yrs	BP)

W.Mean	
modeled	

age	(yrs	BP)

δ2H	
dinosterol	

(‰)

Analytical	
SD	(‰)** n Z-score

2007 0.5 -63 -50.9 -56.5 -56.7 	-251* 	12* 3* 0.6356
1984 2.5 -61.1 -5.4 -32 -33.5 -268.2 3.9 3 -1.1724
1960 4.5 -58.6 40.2 -6.6 -9.7 -272.9 7.7 3 -1.6590
1938 6.5 -48.3 70.9 11.8 12.5 -266.9 4.6 4 -1.0355
1926 7.5 -43.5 98.8 20.3 23.8 -257.4 1.8 2 -0.0393
1915 8.5 -39.3 130 29.2 35 -250.6 3.2 2 0.6734
1904 9.5 -35.7 162.7 38.1 46.1 -265.1 (7.3) 1 -0.8435
1849 14.5 1.6 231.9 90.9 100.9 -270.0 13.3 2 -1.3542
1826 16.5 21.5 252.6 112.6 123.8 -258.2 8.0 3 -0.1197
1815 17.5 29.1 262.6 123.7 135.3 -252.4 (7.3) 1 0.4836
1791 19.5 40.9 300.2 145.4 158.7 -257.3 (7.3) 1 -0.0208
1720 24.5 88.2 386.1 220.7 230.4 -248.9 (7.3) 1 0.8520
1676 27.5 132 424 268.2 274.1 -256.2 (7.3) 1 0.0941
1618 31.5 179.5 479 331.6 332.2 -237.9 6.4 3 2.0091
1603 32.5 191.9 489.6 347.8 346.9 -232.0 (7.3) 1 2.6249
1588 33.5 202.9 502.6 364.1 361.6 -243.2 1.3 3 1.4566
1574 34.5 211.4 519.3 379.2 376.3 -253.3 9.8 3 0.3954
1529 37.5 272.3 549.6 424 421.4 -255.1 6.9 3 0.2081
1470 41.5 339.5 593.1 483.2 480.2 -254.3 8.9 3 0.2926
1427 44.5 387.1 623.7 527.6 523.1 -250.3 3.2 2 0.7119
1385 47.5 478.1 643.1 564.9 565.3 -264.6 5.0 2 -0.7962
1343 50.5 545.6 668.9 605.3 606.9 -246.0 5.6 4 1.1643
1307 53.5 581.4 711 641.4 642.8 -259.0 2.9 4 -0.2012
1274 56.5 599.7 763.7 674.1 675.9 -254.7 5.6 3 0.2514
1243 59.5 616.1 809.4 705.2 707.5 -270.1 3.5 3 -1.3724
1212 62.5 640.9 838.9 737.1 738.5 -248.4 10.4 3 0.9086
1181 65.5 662.1 874.3 768.1 769.3 -252.4 7.5 3 0.4935
1149 68.5 690.9 897.9 802.7 801.2 -253.1 31.9 2 0.4126
1117 71.5 721.2 925.2 836.6 833.2 -239.1 6.7 5 1.8803
1049 77.5 797.6 976.5 909.2 901.3 -258.2 2.7 3 -0.1216
975 83.5 899.2 1046.1 973.5 974.7 -268.3 4.9 2 -1.1806
912 89.5 976.5 1109 1031 1037.6 -265.0 (7.3) 1 -0.8386
888 92.5 997.9 1138.7 1059.9 1061.6 -257.5 4.0 2 -0.0441
866 95.5 1013.4 1178.3 1087.4 1084.1 -258.0 5.3 3 -0.0982
847 98.5 1025 1210.8 1102.9 1103.3 -256.2 0.9 2 0.0905
828 101.5 1036.6 1247.5 1119.5 1122.5 -267.5 4.6 3 -1.1007
793 107.5 1054.9 1311.5 1149.8 1157.1 -257.8 (7.3) 1 -0.0739
773 110.5 1067 1350.7 1168.4 1176.8 -252.3 (7.3) 1 0.5034
754 113.5 1084.2 1382.3 1187.5 1195.7 -249.3 1.1 2 0.8093
735 116.5 1101.1 1419.6 1207.4 1214.9 -255.2 (7.3) 1 0.1936
716 119.5 1116.7 1465 1228.7 1234.3 -267.4 3.1 2 -1.0835
710 125.5 1122.9 1475.6 1235.3 1240.5 -268.0 3.7 3 -1.1511
674 131.5 1151.4 1555.2 1271 1276.2 -270.6 6.4 4 -1.4240
640 137.5 1157.6 1629.8 1291.7 1310.2 -270.5 8.2 2 -1.4143

TABLE	S4.	VTRUC3	from	Red	Lake	(Thion	Island,	Vanuatu)	BACON	age	model,	δ2H	dinosterol,	and	z-score.	Ages	
below	121cm	are	linearly	interpolated.	Depths	indicate	midpoint	of	1cm	sample	intervals.

*Coretop	value	and	SD	are	average	and	SD	of	three	0-1cm	samples	(VTRUC1,	VTRUC2,	VTRUC5)	from	Chapter	3
**The	pooled	analytical	uncertainty	for	these	samples	was	7.3‰,	used	for	samples	with	only	one	injection
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Modeled	
age	(yrs	
C.E.)

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	

age	(yrs	BP)

W.Mean	
modeled	

age	(yrs	BP)

δ2H	
dinosterol	

(‰)

Analytical	
SD	(‰)** n Z-score

2007 0.5 -63 -44 -58 -57 	-268* 	4* 3* -0.2168
1996 1.5 -62 -10 -49 -46 -272.1 0.6 3 -0.6768
1985 2.5 -62 26 -40 -35 -264.9 0.6 2 0.1468
1974 3.5 -61 61 -31 -24 -287.1 2.3 3 -2.3820
1963 4.5 -61 96 -22 -13 -266.0 6.1 3 0.0185
1951 5.5 -55 118 -11 -1 -292.3 2.7 3 -2.9670
1938 6.5 -49 131 3 12 -271.2 9.7 5 -0.5734
1925 7.5 -44 149 16 25 -283.0 1.2 3 -1.9091
1912 8.5 -40 167 28 38 -265.9 2.8 3 0.0302
1899 9.5 -37 190 41 51 -284.4 2.3 4 -2.0652
1886 10.5 -29 206 53 64 -262.9 4.3 3 0.3745
1860 12.5 -12 230 81 90 -255.6 (5.6) 1 1.2055
1847 13.5 -6 246 95 103 -276.7 1.1 3 -1.1926
1834 14.5 0 268 108 116 -263.5 0.5 2 0.3056
1821 15.5 10 283 121 129 -279.1 1.5 3 -1.4670
1743 21.5 70 356 204 207 -271.7 2.2 3 -0.6239
1729 22.5 81 366 219 221 -257.9 0.5 3 0.9373
1702 24.5 99 392 246 248 -260.3 3.4 3 0.6656
1676 26.5 128 411 272 274 -260.2 (5.6) 1 0.6791
1649 28.5 151 428 296 301 -250.2 3.0 3 1.8149
1636 29.5 160 441 308 314 -266.1 4.5 3 0.0106
1610 31.5 191 456 331 340 -261.8 3.7 3 0.4932
1584 33.5 215 470 357 366 -259.8 6.6 3 0.7284
1571 34.5 227 483 377 379 -258.7 8.6 3 0.8545
1558 35.5 248 493 393 392 -258.9 8.5 3 0.8313
1462 42.5 420 536 492 488 -246.7 (5.6) 1 2.2177
1447 43.5 448 543 505 503 -266.9 4.3 3 -0.0837
1418 45.5 483 567 534 532 -261.9 6.6 3 0.4879
1388 47.5 520 602 560 562 -272.3 1.5 3 -0.7012
1343 50.5 557 667 599 607 -253.3 6.4 3 1.4629
1296 54.5 589 726 653 654 -261.2 6.7 3 0.5638
1275 56.5 608 747 674 675 -261.7 3.8 3 0.5092
1254 58.5 624 765 696 696 -271.1 3.6 2 -0.5565
1234 60.5 644 787 715 716 -271.7 5.0 3 -0.6265
1214 62.5 679 798 735 736 -256.3 7.6 6 1.1265
1193 64.5 706 816 757 757 -264.6 3.2 3 0.1798
1175 66.5 723 837 775 775 -264.0 6.5 3 0.2516
1156 68.5 732 866 792 794 -255.2 4.0 3 1.2486
1139 70.5 741 899 808 811 -261.8 3.1 4 0.4997
1121 72.5 755 916 827 829 -273.5 8.8 9 -0.8366
1103 74.5 765 941 844 847 -272.7 11.3 9 -0.7420
1085 76.5 783 958 862 865 -269.3 3.5 4 -0.3518
1067 78.5 797 978 881 883 -274.9 5.9 5 -0.9861
1050 80.5 811 1003 899 900 -261.9 7.8 4 0.4830
1032 82.5 833 1023 915 918 -263.7 5.9 5 0.2841
1014 84.5 849 1045 932 936 -258.6 1.4 3 0.8549
996 86.5 878 1062 949 954 -273.4 3.0 6 -0.8161
977 88.5 907 1076 965 973 -259.1 2.5 3 0.7987
956 90.5 937 1095 984 994 -263.4 3.6 3 0.3124
928 92.5 968 1120 1013 1022 -264.3 5.0 5 0.2166
899 94.5 979 1160 1040 1051 -264.4 4.0 3 0.1975
884 95.5 990 1177 1056 1066 -268.7 1.0 2 -0.2924
833 98.5 1024 1227 1111 1117 -263.9 2.9 3 0.2626
794 101 1080 1241 1153 1156 -268.8 3.3 3 -0.2987
770 103 1104 1265 1177 1180 -268.2 3.7 3 -0.2269

TABLE	S5.	VTWUC2	from	White	Lake	(Thion	Island,	Vanuatu)	BACON	age	model,	δ2H	dinosterol,	and	z-score.	Ages	
below	100cm	are	linearly	interpolated.	Depths	indicate	midpoint	of	1cm	sample	intervals.

*Coretop	value	and	SD	are	average	and	SD	of	three	0-1cm	samples	(VTWUC1,	VTWUC2,	VTWUC5)	from	Chapter	3
**The	pooled	analytical	uncertainty	for	these	samples	was	5.6‰,	used	for	samples	with	only	one	injection
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Modeled	
age	(yrs	
C.E.)

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	

age	(yrs	BP)

δ2H	
dinosterol	

(‰)

Analytical	
SD	(‰)** n Z-score

2006 1 -50 -69 -61 	-266.2* 6.6 3 -1.6965
1997 4 -7 -67 -47 -266.8 3.3 6 -1.6979
1992 5 7 -67 -42 -265.1 1.7 4 -1.6950
1959 12 56 -51 -9 -276.6 2.8 3 -1.7143
1949 14 71 -46 1 -282.0 2.0 3 -1.7232
1925 19 105 -31 25 -266.2 3.9 3 -1.6968
1878 29 161 0 72 -279.5 3.3 3 -1.7192
1830 39 216 37 121 -267.2 6.6 3 -1.6986
1781 49 267 78 169 -274.8 2.9 3 -1.7113
1733 59 317 120 217 -267.0 2.1 3 -1.6981
1686 69 363 166 265 -265.4 2.4 3 -1.6955
1639 79 404 211 311 -263.5 4.1 6 -1.6924
1591 89 445 260 359 -268.7 3.9 3 -1.7011
1543 99 484 310 407 -266.1 2.3 3 -1.6967
1489 109 548 359 461 -271.5 4.0 3 -1.7057
1433 119 623 407 517 -274.9 4.9 4 -1.7114
1377 129 691 455 573 -274.8 5.7 6 -1.7112
1320 139 758 506 630 -270.5 1.8 2 -1.7040
1263 149 818 558 687 -273.8 2.2 3 -1.7096
1207 159 874 610 743 -266.6 3.5 4 -1.6976
1151 169 932 661 799 -277.0 0.5 2 -1.7149
1094 179 988 719 856 -258.5 3.4 3 -1.6840
1038 189 1044 777 912 -280.9 3.9 3 -1.7214
982 199 1097 833 968 -277.9 3.2 3 -1.7164
927 209 1149 897 1023 -275.3 3.6 3 -1.7120
870 219 1202 961 1080 -292.8 4.7 3 -1.7412
814 229 1255 1021 1136 -293.6 5.5 3 -1.7426
759 239 1310 1079 1191 -286.2 2.3 3 -1.7302
705 249 1372 1128 1245 -288.6 1.0 3 -1.7343
650 259 1433 1176 1300 -284.0 3.0 3 -1.7266
596 269 1491 1223 1354 -284.5 4.1 5 -1.7275
542 279 1547 1272 1408 -286.3 4.2 4 -1.7304
488 289 1602 1323 1462 -275.6 5.6 3 -1.7126
433 299 1658 1376 1517 -294.0 1.4 3 -1.7433
383 308 1706 1424 1567 -291.9 3.9 3 -1.7398
329 318 1752 1483 1621 -279.7 6.1 6 -1.7194
273 328 1801 1540 1678 -289.4 3.3 3 -1.7356
217 338 1834 1648 1732 -293.3 2.2 3 -1.7422
161 348 1889 1706 1788 -292.1 4.2 3 -1.7402

Age	model	from	Sear	et	al.	(in	prep )

TABLE	S6.	VAN	from	Lake	Emaotul	(Efate	Island,	Vanuatu)	BACON	age	model,	δ2H	dinosterol,	
and	z-score.	Depths	indicate	base	of	1cm	intervals.	Ages	below	273cm	are	linearly	interpolated.

*Coretop	value	and	SD	are	average	and	SD	of	two	0-2cm	samples	(VAN	G5	and	VAN	G7)	and	one	
0-1cm	sample	(VTEFVR)	from	Chapter	3.	
**The	pooled	analytical	uncertainty	for	these	samples	was	4.0‰
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Modeled	
age	(yrs	
C.E.)

Core	
Depth	
(cm)

Adjusteda	

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	

age	(yrs	BP)

W.Mean	
modeled	

age	(yrs	BP)

δ2H	
dinosterol	

(‰)

Analytical	
SD	(‰)** n Z-score

2002 0.5 0.6 -62 -34 -54 -52 	-286.9* 	6* 4* 0.2480
1879 6.5 8.1 -30 220 61 71 -290.4 3.2 3 -0.7317
1738 12.5 15.7 78 384 207 212 -292.1 7.9 3 -1.1950
1595 18.5 23.2 246 470 352 355 -286.0 1.0 3 0.5440
1463 24.5 30.7 383 587 493 487 -289.9 3.4 3 -0.5892
1350 30.5 38.2 535 656 605 601 -290.8 3.2 4 -0.8228
1251 36.5 44.8 595 787 701 699 -286.6 3.9 4 0.3518
1188 42.5 48.4 637 880 765 762 -279.4 6.5 4 2.4114
1050 48.5 55.3 735 1086 893 900 -283.8 0.8 4 1.1487
964 54.5 59.5 806 1159 986 986 -287.1 7.1 4 0.2164
892 60.5 63.1 886 1202 1060 1058 -288.2 3.6 5 -0.0970
824 66.5 66.7 983 1238 1126 1126 -288.6 3.6 4 -0.2049
762 72.5 70 1056 1266 1182 1188 -288.2 4.8 5 -0.1056
732 78.5 73.9 1116 1285 1222 1218 -294.0 3.0 3 -1.7428
706 84.5 77.5 1154 1300 1250 1244 -288.8 5.5 3 -0.2649
678 90.5 81.1 1192 1318 1278 1272 -283.1 2.7 3 1.3562
645 96.5 84.4 1225 1352 1308 1305 -286.8 4.8 3 0.3083
600 102.5 88 1302 1402 1349 1351 -289.5 1.4 3 -0.4570
553 108.5 91.6 1350 1460 1394 1397 -289.0 3.3 3 -0.3322
508 114.5 95.2 1369 1534 1437 1442 -293.0 0.5 2 -1.4565
468 120.5 98.8 1396 1583 1479 1482 -292.1 5.6 3 -1.1904
429 126.5 102.4 1430 1634 1519 1522 -287.0 3.8 3 0.2392
389 132.5 106 1466 1687 1558 1561 -281.9 8.2 3 1.6985
351 138.5 109.6 1500 1738 1595 1599 -285.5 2.7 3 0.6676

TABLE	S7.	LATVKUC1	from	Lac	Lanutavake	(Wallis	Island)	BACONa	age	model,	δ2H	dinosterol,	and	z-score.	Core	depths	
indicate	midpoint	of	1cm	sample	intervals.

aCore	depths	tuned	to	LATVKUC4	using	magnetic	susceptibility	to	find	adjusted	depths;	fossil	leaves	from	both	cores	were	
used	to	make	a	single	LATVK	age	model.
*Coretop	value	and	SD	are	average	and	SD	of	four	0-1cm	samples	(LATVKUC1,	UC3,	UC4,	UC6)	from	Chapter	3
**The	pooled	analytical	uncertainty	for	these	samples	was	4.5‰
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Modeled	
age	(yrs	
C.E.)

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	

age	(yrs	BP)

W.Mean	
modeled	

age	(yrs	BP)

δ2H	
dinosterol	

(‰)

Analytical	
SD	(‰)** n Z-score

2004 0.5 -62 -39 -55 -54 	-286.9* 	6* 4* 1.3623
1991 1.25 -60 -7 -45 -41 -291.8 10.3 3 -0.9380
1975 2.25 -58 36 -32 -25 -285.5 14.1 2 0.2983
1959 3.25 -57 80 -18 -9 -288.1 9.2 5 -0.2088
1943 4.25 -55 123 -5 7 -280.5 5.3 4 1.2834
1926 5.25 -50 160 10 24 -277.2 3.5 3 1.9480
1890 7.25 -30 196 50 60 -284.8 (6.4) 1 0.4487
1871 8.25 -24 223 68 79 -296.1 (6.4) 1 -1.7913
1853 9.25 -19 259 86 97 -292.0 (6.4) 1 -0.9655
1844 9.75 -17 279 94 106 -292.8 (6.4) 1 -1.1232
1792 12.75 32 329 151 158 -285.1 3.4 3 0.3929
1738 15.75 76 386 209 212 -289.6 4.0 3 -0.4938
1738 15.75 76 386 209 212 -291.3 (6.4) 1 -0.8416
1681 18.75 148 425 284 269 -288.0 (6.4) 1 -0.1909
1642 20.75 188 452 318 309 -291.5 3.0 4 -0.8683
1620 21.75 212 460 332 330 -286.0 (6.4) 1 0.2007
1555 24.75 270 492 406 395 -291.3 (6.4) 1 -0.8286
1546 25.25 284 501 418 405 -285.3 2.5 4 0.3415
1533 26 314 505 434 417 -296.6 4.1 3 -1.8802
1489 28.6 362 548 475 461 -290.1 7.2 3 -0.6005
1455 30.75 387 594 503 495 -282.8 (6.4) 1 0.8344
1368 36.75 497 648 586 583 -289.4 3.1 5 -0.4619
1353 37.75 526 655 602 597 -289.1 (6.4) 1 -0.4050
1346 38.25 538 658 610 604 -290.1 2.8 2 -0.5973
1313 40.5 576 688 644 637 -283.8 7.5 4 0.6376
1189 48.5 643 872 763 761 -281.7 4.6 3 1.0580
1036 56.5 746 1085 913 914 -284.7 2.6 3 0.4714
868 64.5 893 1216 1088 1082 -279.2 12.3 3 1.5456
741 72.5 1107 1277 1211 1210 -280.1 11.3 3 1.3720

TABLE	S8.	LATVKUC4	from	Lac	Lanutavake	(Wallis	Island)	BACONa	age	model,	δ2H	dinosterol,	and	z-score.	
Depths	indicate	midpoint	of	1cm	sample	intervals.

aFossil	leaves	from	both	cores	(UC1	and	UC4)	were	used	to	make	a	single	LATVK	age	model	after	UC1	was	
tuned	to	UC4	depths	using	magnetic	suseptibility.
*Coretop	value	and	SD	are	average	and	SD	of	four	0-1cm	samples	(LATVKUC1,	UC3,	UC4,	UC6)	from	Chapter	3
**The	pooled	analytical	uncertainty	for	these	samples	was	6.4‰,	used	for	samples	with	only	one	injection
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Modeled	age	
(yrs	C.E.)

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	age	

(yrs	BP)

W.Mean	
modeled	age	

(yrs	BP)

δ2H	
dinosterol	

(‰)
Analytical	
SD	(‰)** n Z-score

2011	to	1835 0-20 	-91	to	11 	-33	to	224 	-61.4	to	112 	-61.4	to	115 -282.7 4.0 4 -3.1736
1830 20.5 14 228 118 120 -265.2 4.7 6 -1.5777

1795 24.5 43 257 156 156 -267.1 2.7 3 -1.7519

1758 28.5 78 280 197 192 -257.9 1.5 4 -0.9091

1740 30.5 94 295 218 210 -256.1 0.5 3 -0.7462

1740 30.5 94 295 218 210 -252.1 2.5 4 -0.3836

1723 32.5 116 302 242 227 -250.9 2.7 4 -0.2697

1689 36.5 156 323 283 261 -246.2 3.2 7 0.1566

1656 40.5 192 361 308 294 -255.4 5.8 3 -0.6802

1623 44.5 235 394 331 327 -242.8 2.8 4 0.4692

1595 48.5 278 422 356 356 -249.0 4.4 3 -0.0963

1581 50.5 293 438 368 369 -251.9 4.8 5 -0.3636

1570 52.5 308 448 380 380 -246.5 2.4 5 0.1340

1546 56.5 337 471 402 404 -241.7 2.4 3 0.5694

1523 60.5 361 488 427 427 -246.6 7.3 3 0.1245

1499 64.5 386 502 452 451 -242.7 1.8 3 0.4832

1467 68.5 420 526 485 483 -254.4 3.5 3 -0.5908

1449 70.5 439 554 502 501 -254.5 8.1 4 -0.5953

1425 72.5 468 578 524 525 -249.8 3.2 3 -0.1740

1379 76.5 516 635 564 572 -246.2 6.3 4 0.1616

1334 80.5 550 700 610 616 -243.6 6.3 6 0.3967

1295 84.5 570 757 651 655 -243.9 5.3 4 0.3725

1285 85.5 577 772 661 665 -249.5 4.0 4 -0.1427

1265 87.5 592 790 681 685 -251.2 0.7 3 -0.2954

1216 92.5 630 844 731 734 -257.7 2.6 3 -0.8927

1197 94.5 642 865 750 753 -252.3 1.8 4 -0.3937

1177 96.5 668 880 770 773 -247.8 7.3 4 0.0103

1154 98.75 690 896 792 796 -248.4 2.3 3 -0.0457

1087 104.75 759 965 861 863 -233.0 2.9 3 1.3663

1003 110.75 814 1092 947 947 -226.7 3.0 3 1.9366

835 122.75 968 1268 1110 1115 -236.8 0.5 3 1.0195

768 128.75 1034 1335 1175 1182 -237.7 3.1 3 0.9363

717 134.75 1091 1380 1233 1233 -232.8 5.1 3 1.3819

669 140.75 1153 1424 1279 1281 -240.2 2.5 4 0.7109

622 146.75 1218 1470 1323 1328 -235.7 4.7 4 1.1171

575 152.75 1298 1510 1364 1375 -228.9 7.3 3 1.7358

TABLE	S9.	LALOUC13	from	Lac	Lalolalo	(Wallis	Island)	BACON	age	model,	δ2H	dinosterol,	and	z-score.	Italics	indicate	

first	sample	was	from	the	top	0-20cm,	all	other	depths	indicate	midpoint	of	1cm	sample	intervals.

**The	pooled	analytical	uncertainty	for	these	samples	was	4.2‰
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Modeled	age	
(yrs	C.E.)

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	age	

(yrs	BP)

W.Mean	
modeled	age	

(yrs	BP)

δ2H	
dinosterol	

(‰)

Analytical	
SD	(‰)** n Z-score

2011	to	1633 0-15 129 478.6 	-61.4	to	317.4 	-61.4	to	316.6 -269.8 7.0 2 -2.9358
1624 15.5 149 475 327 326 -265.4 (4.8) 1 -2.5198
1541 18.5 292 506 413 409 -254.5 4.3 3 -1.4685
1426 21.5 389 648 525 524 -239.3 3.2 2 -0.0223
1282 24.5 447 932 657 669 -251.6 4.0 3 -1.1918
1162 27.5 566 1031 776 788 -247.5 0.9 2 -0.8030
1055 30.5 638 1130 892 895 -247.8 8.9 2 -0.8305
993 33.5 726 1158 961 957 -245.8 2.2 3 -0.6389
940 36.5 794 1193 1016 1010 -240.4 2.3 3 -0.1242
897 39.5 844 1226 1057 1053 -244.8 (4.8) 1 -0.5409
856 42.5 906 1251 1095 1094 -228.6 6.0 2 1.0004
775 48.5 1031 1300 1166 1175 -235.1 3.8 2 0.3838
717 54.5 1098 1362 1228 1233 -227.4 1.3 2 1.1214
665 60.5 1146 1426 1282 1285 -234.6 (4.8) 1 0.4319
614 66.5 1189 1483 1333 1336 -229.6 (4.8) 1 0.9053
563 72.5 1232 1533 1385 1387 -236.9 (4.8) 1 0.2090
513 78.5 1280 1584 1437 1437 -231.9 4.0 3 0.6875
462 84.5 1328 1635 1488 1488 -230.7 1.1 3 0.8060
411 90.5 1382 1685 1541 1540 -228.6 (4.8) 1 1.0008
360 96.5 1434 1729 1592 1590 -233.4 (4.8) 1 0.5456
308 102.5 1490 1774 1644 1642 -235.5 (4.8) 1 0.3445
255 108.5 1548 1816 1697 1695 -232.4 5.6 3 0.6364
204 114.5 1610 1857 1749 1746 -233.9 4.0 3 0.4990
152 120.5 1676 1890 1797 1798 -231.3 6.2 3 0.7450
96 126.5 1715 1969 1857 1854 -229.1 (4.8) 1 0.9557
44 132.5 1769 2019 1910 1906 -235.9 1.6 2 0.3021
-9 138.5 1823 2069 1963 1959 -235.3 5.3 2 0.3671
-61 144.5 1877 2118 2016 2011 -236.8 3.6 3 0.2211
-114 150.5 1931 2168 2069 2064 -238.9 6.0 3 0.0146
-166 156.5 1985 2218 2122 2116 -240.2 5.4 3 -0.1014

TABLE	S10.	LALOUC14	from	Lac	Lalolalo	(Wallis	Island)	BACON	age	model,	δ2H	dinosterol,	and	z-score.	Italics	indicate	
the	first	sample	was	from	the	top	0-15cm.	All	other	depths	indicate	midpoint	of	1cm	sample	intervals.	Ages	below	
121cm	were	linearly	interpolated.

**The	pooled	analytical	uncertainty	for	these	samples	was	4.8‰,	used	for	samples	with	only	one	injection



	 185 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

Modeled	
age	(yrs	
C.E.)

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	

age	(yrs	BP)

W.Mean	
modeled	age	

(yrs	BP)

δ2H	
dinosterol	

(‰)

Analytical	
SD	(‰)** n Z-score

2010 0.5 -66 -55 -60 -60 	-292.2* 	4.8* 4* -0.1913
2006 1.5 -62 -49 -56 -56 -298.6 11.5 4 -0.6791
2001 2.5 -57 -43 -51 -51 -291.6 6.9 3 -0.1913
1988 4.5 -48 -26 -39 -38 -298.8 6.6 2 -0.6926
1968 6.5 -32 -1 -19 -18 -302.7 3.8 2 -0.9677
1929 8.5 0 43 20 21 -279.8 2.5 4 0.6314
1886 10.5 36 92 64 64 -261.3 3.3 3 1.9201

TABLE	S11.	LALOUC22	from	Lac	Lalolalo	(Wallis	Island)	BACON	age	model,	δ2H	dinosterol,	and	z-score.	Depths	
indicate	midpoint	of	1cm	sample	intervals.

*Coretop	value	and	SD	are	average	and	SD	from	four	0-1cm	samples	(LALOUC5,	LALOUC16,	LALOUC22,	and	
LALOUC24)	from	Chapter	3
**The	pooled	analytical	uncertainty	for	these	samples	was	6.3‰

Modeled	
age	(yrs	
C.E.)

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	

age	(yrs	BP)

W.Mean	
modeled	age	

(yrs	BP)

δ2H	
dinosterol	

(‰)

Analytical	
SD	(‰)** n Z-score

2005.0 0.5 -62 -45 -56 -55 	-292.2* 4.8* 4* -1.2834

1993.0 1.5 -55 -27 -44 -43 -284.0 8.3 3 -0.9152

1955.0 4.5 -21 14 -5 -5 -271.1 2.6 3 -0.1341

1923.0 6.5 6 51 26 27 -261.7 2.9 6 0.4319

1896.0 8.5 28 84 53 54 -266.1 (4.2) 1 0.1667

1861.0 10.5 41 165 83 89 -242.3 (4.2) 1 1.6089

*Coretop	value	and	SD	are	average	and	SD	from	four	0-1cm	samples	(LALOUC5,	LALOUC16,	LALOUC22,	and	

LALOUC24)	from	Chapter	3

TABLE	S12.	LALOUC24	from	Lac	Lalolalo	(Wallis	Island)	BACON	age	model,	δ
2
H	dinosterol,	and	z-score.	Depths	

indicate	midpoint	of	1cm	sample	intervals.

**The	pooled	analytical	uncertainty	for	these	samples	was	4.2‰,	used	for	samples	with	only	one	injection



	 186 

 
 
 
 

Modeled	
age	(yrs	
C.E.)

Depth	
(cm)

Min	
modeled	

age	(yrs	BP)

Max	
modeled	

age	(yrs	BP)

Mean	
modeled	

age	(yrs	BP)

W.Mean	
modeled	

age	(yrs	BP)

δ2H	
dinosterol	

(‰)

LATVKUC1	
Analytical	
SD	(‰)**

n Z-score

2007 1 -58.5 -56 -57 -57 	-285.6* 	8.5* 3* -1.8117
1992 4 -43.2 -41 -42 -42 -279.8 5.5 4 -0.6405
1963 8 -13.9 -11 -13 -13 -282.6 5.5 8 -0.9521
1907 12 36.2 50 43 43 -274.2 9.1 6 0.0028
1800 16 104.2 188 152 150 -274.7 2.9 6 -0.0534
1608 20 131 507 356 342 -266.8 6.4 4 0.8420
1463 24 436.8 532 489 488 -272.1 9.7 5 0.2357
1362 28 523.4 688 580 588 -270.2 6.9 5 0.4581
1273 32 559.3 830 670 678 -278.1 8.0 7 -0.4425
1179 36 614.4 945 766 771 -275.0 8.4 4 -0.0881
1095 40 677 1014 857 855 -272.4 6.6 5 0.2027
1014 44 811 1075 929 936 -255.4 2.3 2 2.1349
906 48 925.5 1186 1040 1044 -270.4 7.1 2 0.4357
766 52 1038.1 1367 1179 1184 -256.7 11.7 3 1.9872
567 56 1237.2 1527 1378 1383 -271.1 16.2 2 0.3542
274 60 1459.2 1923 1672 1676 -268.5 6.6 3 0.6486
-10 64 1580.7 2316 1967 1960 -274.9 6.8 5 -0.0748
-339 68 2084.1 2517 2282 2289 -272.2 1.9 3 0.2277
-557 72 2380.1 2628 2521 2507 -290.4 (7.2) 1 -1.8481
-640 76 2432.9 2696 2600 2590 -272.5 4.9 5 0.1946
-702 80 2476.6 2738 2665 2652 -276.7 7.4 5 -0.2810
-772 84 2590.8 2811 2726 2722 -287.6 1.0 2 -1.5320

TABLE	S13.	LANU2	and	U1-1	from	Lake	Lanoto'o	(Samoa)	BACON	age	modela,	δ2H	dinosterol,	and	z-score.	
Depths	indicate	base	of	1cm	intervals.

*Coretop	value	and	SD	are	average	and	SD	of	three	0-1cm	(0-2cm	for	LAN-U1)	samples	(LAN-U1,	LAN14	U1,	
LAN14	U2)	from	Chapter	3
**The	pooled	analytical	uncertainty	for	these	samples	was	7.2‰,	used	for	the	sample	with	only	one	injection
aAge	model	from	Hassall	2017
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Sample Core SAMPLE ID f modern ± ∆14C ± 14C Age ±
CAMS 154213 SBAR UC2 SBAR UC2 0-2cm (Solomons, Tetepare) 1.1326 0.0043 132.6 4.3 >Modern
D-AMS 009280 SBAR UC2 SBAR UC2 142 cm (Solomons, Tetepare) 99.31 0.3 56 24
CAMS 154214 SBAR UC2 SBAR UC2 126 cm (Solomons, Tetepare) 0.9632 0.0035 -36.8 3.5 300 30
D-AMS 022808 STAV UC4 STAVUC4 3-4cm (Tetepare Solomon Is) 100.53 0.37 Modern
D-AMS 013113 STAV UC4 STAV UC4 59cm (Lake Tavara, Tetepare, Solomons) 96.94 0.33 250 27
D-AMS 009281 STAV UC4 STAV UC4 33-34cm (Solomons, Tetepare) 96.67 0.26 272 22
D-AMS 013114 STAV UC4 STAV UC4 85cm (Lake Tavara, Tetepare, Solomons) 94.77 0.31 432 26
CAMS 154217 SHARI UC2 SHAR1 UC2 1-3cm (Solomons, Rendova) 1.0113 0.0045 11.3 4.5 >Modern
D-AMS 009278 SHARI UC2 SHAR1 UC2 24-25cm (Solomons, Rendova) 95.52 0.34 368 29
D-AMS 009279 SHARI UC2 SHAR1 UC2 30-31cm (Solomons, Rendova) 91.21 0.3 739 26
D-AMS 017999 SHARI UC2 SHAR1 UC2 34cm (Rendova Solomon Is) 88.03 0.31 1024 28
D-AMS 013116 SHARI UC2 SHAR1 UC2 47cm (Rendova, Solomons) 86.13 0.29 1199 27
D-AMS 007000 SHARI UC2 SHAR1 UC2 39-40cm (Solomons, Rendova) 85.14 0.25 1292 24
S-ANU 37225 SHARI UC2 SHAR1 UC2 99-100cm (Solomons, Rendova) 83.66 -163.4 1435 25
CAMS 154218 SHARI UC2 SHAR1 UC2 181cm (Solomons, Rendova) 0.8162 0.0031 -183.8 3.1 1630 35
CAMS 154215 SRAN UC1 SRAN UC1 0-2cm (Solomons, Rendova) 1.0398 0.0056 39.8 5.6 >Modern
D-AMS 013115 SRAN UC1 SRAN UC1 15cm (Lake Rano, Rendova, Solomons) 97.55 0.3 199 25
D-AMS 022793 SRAN UC1 SRANUC1 73-74cm (Rendova Solomon Is) 93.87 0.64 508 55
D-AMS 007001 SRAN UC1 SRAN UC1 40cm (Solomons, Rendova) 90.08 0.42 839 37
S-ANU 37233 SRAN UC1 SRAN UC1 89-90 (Solomons, Rendova) -108.5 920 25
S-ANU 37237 SRAN UC1 SRAN UC1 133-134cm (Solomons, Rendova) 1350 25
D-AMS 022794 SRAN UC1 SRANUC1 121-122cm (Rendova Solomon Is) 82.49 0.45 1546 44
CAMS 154216 SRAN UC1 SRAN UC1 113cm (Solomons, Rendova) 0.788 0.0029 -212 2.9 1915 30
D-AMS 022802 VTR UC3 VTR UC3 17-18cm (Thion Vanuatu) 100.69 0.45 Modern
D-AMS 022801 VTR UC3 VTR UC3 5-6cm (Thion Vanuatu) 122.8 1.2 Modern
D-AMS 009271 VTR UC3 VTR_UC3 4-5cm (Thion Is. Vanuatu) 100.54 0.23 Modern
D-AMS 013106 VTR UC3 VTR UC3 50cm (Red Lake, Thion Is., Vanuatu) 91.99 0.31 671 27
D-AMS 022803 VTR UC3 VTR UC3 74-75cm (Thion Vanuatu) 89.22 0.7 916 63
D-AMS 013107 VTR UC3 VTR UC3 85cm (Red Lake, Thion Is., Vanuatu) 86.63 0.27 1153 25
D-AMS 009272 VTR UC3 VTR_UC3 121-121.5cm (Thion Is. Vanuatu) 86.37 0.22 1177 20
D-AMS 022804 VTR UC3 VTR UC3 92-93cm (Thion Vanuatu) 85.79 0.33 1231 31
D-AMS 009273 VTW UC2 VTW_UC2 3-4cm (Thion Is. Vanuatu) 139.09 0.31 Modern
D-AMS 022800 VTW UC2 VTW UC2 31-32cm (Thion Vanuatu) 96.53 0.64 284 53
D-AMS 009274 VTW UC2 VTW_UC2 42-43cm (Thion Is. Vanuatu) 94.42 0.26 461 22
D-AMS 013108 VTW UC2 VTW UC2 48-49cm (White Lake, Thion Is., Vanuatu) 92.24 0.32 649 28
D-AMS 018000 VTW UC2 VTW UC2 62cm (Thion Vanuatu) 89.79 0.28 865 25
D-AMS 018001 VTW UC2 VTW UC2 87cm (Thion Vanuatu) 87.55 0.25 1068 23
D-AMS 013109 VTW UC2 VTW UC2 100cm (White Lake, Thion Is., Vanuatu) 85.21 0.28 1286 26
D-AMS 022790 LATVK UC1 LATVKUC1 14-15cm (Wallis Is) 96.88 0.52 255 43
D-AMS 022791 LATVK UC1 LATVKUC1 36-37cm (Wallis Is) 92.34 0.35 640 30
D-AMS 017995 LATVK UC1 Latvk UC1a 88.5cm (Wallis Is) 85.19 0.24 1288 23
D-AMS 022792 LATVK UC1 LATVKUC1 102-103cm (Wallis Is) 82.82 0.33 1514 32
D-AMS 017996 LATVK UC1 Latvk UC1b 133cm (Wallis Is) 81.21 0.25 1672 25
CAMS 153012 LATVK UC4 LATVK UC4 2-4.5 cm (Wallis Island) 1.4238 0.0051 423.8 5.1 >Modern
D-AMS 006998 LATVK UC4 LATVK UC4 26 cm (Wallis Island) 94.9 0.25 420 21
D-AMS 006999 LATVK UC4 LATVK UC4 38-38.5 cm (Wallis Island) 92.3 0.28 644 24
CAMS 153013 LATVK UC4 LATVK UC4 44.5 cm (Wallis Island) 0.8933 0.0032 -106.7 3.2 905 30
D-AMS 009275 LATVK UC4 LATVK UC4 67.5cm (Wallis Island) 84.48 0.24 1355 23
D-AMS 009276 LALO UC22 LALO UC22 1-2cm (Wallis Island) 106.45 0.26 Modern
D-AMS 009277 LALO UC22 LALO UC22 13-14cm (Wallis Island) 99.3 0.24 56 19
CAMS 153008 LALO UC13 Lalo UC13 36.5 cm (Wallis Island) 0.9673 0.0035 -32.7 3.5 265 30
D-AMS 022797 LALO UC13 LaloUC13 66-67cm (Wallis Is) 95.39 0.36 379 30
D-AMS 022796 LALO UC13 LaloUC13 56-57cm (Wallis Is) 94.84 0.54 426 46
D-AMS 022795 LALO UC13 LaloUC13 46-47cm (Wallis Is) 94.39 0.87 464 74
D-AMS 022798 LALO UC13 LaloUC13 76-77cm (Wallis Is) 92.41 0.4 634 35
D-AMS 017993 LALO UC13 Lalo UC13 104cm (Wallis Is) 89.18 0.41 920 37
D-AMS 022799 LALO UC13 LaloUC13 127-128cm (Wallis Is) 83.48 0.47 1450 45
CAMS 153009 LALO UC13 Lalo UC13 155 cm (Wallis Island) 0.8292 0.003 -170.8 3 1505 30
D-AMS 022805 LALO UC14 LaloUC14 18-19cm (Wallis Is.) 95.25 0.56 391 47
D-AMS 017997 LALO UC14 Lalo UC14a 53cm (Wallis Is) 84.96 0.29 1309 27
D-AMS 022806 LALO UC14 LaloUC14 27-28cm (Wallis Is.) 81.08 0.35 1685 35
D-AMS 017998 LALO UC14 Lalo UC14b 125cm (Wallis Is) 79.37 0.21 1856 21
D-AMS 022807 LALO UC14 LaloUC14 33-34cm (Wallis Is.) 78.1 0.48 1986 49

Table S14. Radiocarbon dates for SPCZ cores. Note Pb-210 data can be found in Chapter 3
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Fig. S1. Images of sediment cores. The uppermost portion of these cores was sectioned in 
the field as follows: STAVUC4=35cm, SBARUC2=25cm, SRANUC1=25cm, 
SHAR1UC2=40cm, VTRUC3=40cm, VTWUC2=50cm, LALOUC13=97cm, 
LALOUC14=40cm, LALOUC24=16cm (not shown, remaining core was rock and wood), 
LALOUC24=27cm (not shown, entire core was sectioned), LATVKUC1=18cm, 
LATVKUC4=38.5cm. The cores from Lake Emaotul (Efate, Vanuatu) (Sear et al. in prep) 
and Lake Lanoto’o (Samoa) (Hassall 2017) are not shown. 
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Fig. S2. Magnetic susceptibility (red line), d2Hdinosterol (blue line with analytical uncertainty), 
a* green (negative) and red (positive) reflectance (light gray line), and b* blue (negative) 
and yellow (positive) reflectance (dark gray line) versus core depth (cm) for sediment cores 
from Tetepare (SBARUC2 and STAVUC4) and Rendova (SHAR1UC2 and SRANUC1) in 
the Solomon Islands. Dinosterol was not analyzed in the deeper sections of STAVUC4 or 
SHAR1UC2 due to major changes in stratigraphy or accumulation rate that signified shifts 
in lake status. MS signal not available for the uppermost portion of the cores that were 
sampled in the field. 
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Fig. S3.  Magnetic susceptibility (red line), d2Hdinosterol (blue line with analytical 
uncertainty), a* green (negative) and red (positive) reflectance (light gray line), and b* blue 
(negative) and yellow (positive) reflectance (dark gray line) versus core depth (cm) for 
sediment cores from Thion Island (Vanuatu). MS signal not available for the uppermost 
portion of the cores that were sampled in the field.  
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Fig. S4. Magnetic susceptibility (red line), d2Hdinosterol (blue line with analytical uncertainty), 
a* green (negative) and red (positive) reflectance (light gray line), and b* blue (negative) 
and yellow (positive) reflectance (dark gray line) versus core depth (cm) for sediment cores 
from Wallis. Both Lalolalo dinosterol records were from a short core collected in shallow 
water and a longer core collected from the deepest part of the lake (~88m). The horizontal 
blue bar indicates the value of the 10cm core-top sample (LaloUC14) and 15cm core-top 
sample (LaloUC13). MS signal not available for the uppermost portion of the cores that 
were sampled in the field. 
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Fig. S5. BACON age models (Blaauw and Christen, 2011) from a) Wallis Island, b) Thion 
Island (Vanuatu), Tetepare (Solomon Islands), and Rendova (Solomon Islands). The age 
model for LATVK was made by first tuning the LATVKUC1 depth scale to the LATVK 
UC4 depth scale using magnetic susceptibility and color and using fossil leaves from both 
cores (14C dates from LATVKUC4 shown in cyan with green border and 14C dates from 
LATVK UC1 shown in blue). Age model for LAN (Samoa) can be found in Hassall (2017). 
The age model for VAN (Emoatul, Vanuatu) Sear et al. (in prep) consists of three bulk 14C 
dates at 95, 225, and 335 cm.  
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Fig. S6. Magnetic susceptibility versus core depth (cm) in two cores from Lac Lanutavake 
(Wallis). A) Both LATVKUC4 and LATVKUC1 are plotted on their own respective depth 
scale, clear minimums and maximums that coincide with obvious color variations are 
slightly offset. B) Since the longer core (LATVKUC1) experienced more hammering that 
led to increased compression of sediments with the UCore device, it is set to the depth scale 
of the shorter core LATVKUC4 by visually tuning the MS maxima and minima. Once on 
the same depth scales, 14C ages on fossil leaves from both cores were used to make a single 
Lac Lanutavake age model.  
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Fig. S7. SBARUC2 (Tetepare, Solomon Islands) d2Hdinosterol plotted vs magnetic 
susceptibility. d2Hdinosterol samples were taken every ~5cm and had a thickness of 1cm, MS 
data (0.5cm intervals) was averaged over the same 1cm depth as its partner d2Hdinosterol 
sample. The x-axis error bars are the SD from the 3 MS measurements over a 1cm sample 
interval, the y-axis error bars are the SD from triplicate measurements. To account for large 
errors in both axes, linear fits were determined using the maximum likelihood estimate 
method (York et al., 2004) incorporating bivariate analytical uncertainty (Thirumalai et al., 
2011).  
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Fig. S8. A) Rainfall rate calculated from d2Hdinosterol values in SBARUC2 from Barora Pond 
(Rendova, Solomon Islands) (red, right axis) and magnetic susceptibility (gray, left axis). X-
axis error bars show maximum and minimum ages determined from BACON age model. Y-
axis error bars are omitted for clarity: they are on average ±4.6‰ for d2Hdinosterol and ±2.6 
mm d-1 for calculated precipitation rates. B) Instrumental precipitation records: Munda rain 
gauge (orange), Tulagi rain gauge (blue), Tetepare rain gauge (purple) (Read et al. 2010), 
and GPCP rainfall rate (green) (GPCP errors are ±1.5 mm d-1, not shown).  
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Fig. S9. Z scores ([data-mean] / SD) of sediment core data from Lac Lanutavake (Wallis) 
versus age. A) Magnetic susceptibility from LATVKUC1, B) Magnetic susceptibility from 
LATVKUC4, C) Calculated rainfall from d2Hdinosterol in LATVKUC1, D) Calculated rainfall 
from d2Hdinosterol in LATVKUC4. Brown segments indicate drier periods and green segments 
indicate wetter periods. Blue and red bands indicate LIA (1450-1850) or MCA (950-1250). 
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Fig. S10. Hypothetical maximum response time of 3 model lakes on Wallis to changes in 
precipitation rate. Simple model lakes were held at constant depths and lake water isotopes 
were determined by mass balance. Isotope compositions of precipitation were determined 
from the SPCZ “amount effect” (Chapter 3) and were changed to test how long it took each 
lake to come to a new steady state (within 1‰ of the input). Precipitation isotopes used were 
-21‰ for 2 mm d-1, -36‰ for 5 mm d-1, and -51‰ for 10 mm d-1. The time to steady state in 
LALO and LATVK is likely overestimated since the lakes are highly stratified with a strong 
chemocline/thermocline at 10m (see Fig. A.1 in Chapter 3 Appendix A). 
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