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Abstract 36 

Phytoplankton play a key role in biogeochemical cycles, impacting atmospheric and 37 

aquatic chemistry, food webs, and water quality. However, it remains challenging to 38 

reconstruct changes in algal community composition throughout the geologic past, as existing 39 

proxies are suitable only for a subset of taxa and/or influenced by degradation. Here, we 40 

investigate if compound-specific hydrogen isotope ratios (d2H values) of common algal lipids 41 

can serve as (paleo)ecological indicators. First, we grew 20 species of algae – representing 42 

cyanobacteria, diatoms, dinoflagellates, green algae, and cryptomonads – in batch cultures 43 

under identical conditions and measured d2H values of their lipids. Despite identical source 44 

water d2H values, lipid d2H values ranged from -455 ‰ to -52 ‰, and clustered according to 45 

taxonomic groups and chemical compound classes. In particular, green algae synthesized 46 

fatty acids with higher d2H values than other taxa, cyanobacteria synthesized phytol with 47 

relatively low d2H values, and diatoms synthesized sterols with higher d2H values than other 48 

eukaryotes. Second, we assessed how changes in algal community composition can affect net 49 

d2H values of common algal lipids in 20 experimental outdoor ponds, which were 50 

manipulated via nutrient loading, and the addition of macrophytes and mussels. High algal 51 

biomass in the ponds, which was mainly caused by cyanobacterial and green algal blooms, 52 

was associated with higher d2H values for generic fatty acids, relatively stable d2H values for 53 

phytol and the dinoflagellate biomarker dinostanol, and lower d2H values for the more 54 

cosmopolitan sterol stigmasterol. These results are consistent with expectations from our 55 

culture-based analyses, suggesting that measuring d2H values of multiple lipids from 56 

sediment and calculating 2H-offsets between them can resolve changes in algal community 57 

composition from changes in source water isotopes. With an appropriate availability of 58 

sedimentary lipids, this approach could permit the reconstruction of both taxonomic 59 

variability and hydroclimate from diverse sedimentary systems. 60 

Key words: algae, ecohydrology, hydrogen isotopes, lipid biomarkers 61 

 62 

1. Introduction 63 

Anthropogenic perturbations of carbon, nitrogen, and phosphorus cycling have had 64 

profound impacts on aquatic ecosystems, and both eutrophication and global warming have 65 

changed the composition and relative abundance of phytoplankton taxa in marine and 66 

freshwater systems over the past decades (Diaz and Rosenberg, 2008; Monchamp et al., 67 

2018; Markelov et al., 2019). These changes in phytoplankton community composition 68 
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subsequently impact nutrient cycling, food webs, and water quality within aquatic systems, 69 

including freshwater lakes (Rabalais et al., 2010; Hixson and Arts, 2016; Huisman et al., 70 

2018). Contextualizing these changes in relation to natural climate and biogeochemical 71 

forcings, as well as in response to pre-industrial human impacts is important to better 72 

understand and predict the consequences of current human activities on aquatic systems 73 

(Haas et al., 2019; Nwosi et al., 2023). 74 

Various sedimentological proxies are available to reconstruct past changes in algal 75 

ecology, each with its own strengths and limitations. Classical paleolimnological approaches 76 

involve counting fossilized remains of individual taxa, including diatom frustules, 77 

dinoflagellate cysts, and cyanobacterial akinetes (Livingstone and Jaworski, 1980; Stoermer 78 

et al., 1985; Dixit et al., 1992; Lotter, 1998; Gosling et al., 2020). While these microscopic 79 

analyses can provide a high degree of taxonomic precision, they are limited to organisms that 80 

produce suitable remains, and many ecologically important taxa including picocyanobacteria 81 

and most green algae are missing from such reconstructions. Recent advances in the analysis 82 

of sedimentary ancient DNA (sedaDNA) also provide the opportunity for highly-resolved 83 

ecological reconstructions (Stoof-Leichsenring et al., 2015; Monchamp et al., 2018; Nwosi et 84 

al., 2023), but questions remain about biases introduced from selective preservation of DNA 85 

in the sediment and/or amplification of specific DNA fragments during sample processing 86 

(Pawlowski et al., 2017; Strivens et al., 2018; Vasselon et al., 2018; Thorpe et al., 2024), as 87 

well as the long-term applicability of sedaDNA on geologic time scales (Boere et al., 2011; 88 

Kirkpatrick et al., 2016). The relative distribution of pigments and lipid biomarkers in 89 

sediments are informative about changes in the abundance of broader algal taxonomic groups 90 

(Leavitt and Findlay, 1994; Schubert et al., 1998; Volkman, 2003; Naeher et al., 2012; 91 

McGowan et al., 2012; Bauersachs et al., 2017), but these analyses can also be affected by 92 

selective degradation (Leavitt and Hodgson, 2002; Bianchi et al., 2002; Reuss et al., 2005).  93 

Another possible approach for reconstructing past changes in algal community 94 

structure is based on hydrogen isotopes of common algal lipids, such as phytol, the side-chain 95 

moiety of chlorophyll, and C16:0 fatty acid (palmitic acid). Hydrogen isotopes of these 96 

compounds and other, more source-specific lipid biomarkers (d2Hlipid values) have primarily 97 

been investigated as proxies for the hydrogen isotopic composition of source water (d2Hwater 98 

values) (Huang et al., 2004; Sachse et al., 2004; Sachse et al., 2012; Maloney et al., 2019; 99 

Weiss et al., 2019). Additionally, culturing and field studies have demonstrated that 2H/1H 100 

fractionation between lipids and source water (α2HLipid/Water values) are sensitive to a variety 101 
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of factors including salinity (Schouten et al., 2006; Sachse and Sachs, 2008; Nelson and 102 

Sachs, 2014), light availability (van der Meer et al., 2015; Sachs et al., 2017), and growth rate 103 

(Schouten et al., 2006; Z. Zhang et al., 2009; Sachs and Kawka, 2015). However, in a limited 104 

number of laboratory studies where multiple species of algae have been cultured under 105 

identical conditions, large differences in α2HLipid/Water values have been observed among 106 

different species (Sessions et al., 1999; Schouten et al., 2006; Zhang and Sachs, 2007; Z. 107 

Zhang et al., 2009; Heinzelmann et al., 2015). Each of these investigations included only a 108 

small number of species, and was not designed to specifically determine how d2Hlipid values 109 

differ among algal taxonomic groups, but the differences among taxa were large relative to 110 

plausible changes in d2Hwater values in natural settings.  111 

Empirical calibrations of the relationship between d2Hlipid values and d2Hwater values in 112 

natural systems have frequently observed large variability in hydrogen isotope fractionation 113 

between lipids and water (e.g., Nelson and Sachs., 2014; Ladd et al., 2017; Ladd et al., 2018; 114 

Ladd et al., 2021a). This variability differs in magnitude and, in some cases, in sign among 115 

lipids of different compound classes, which could be due to differences in the types of algae 116 

contributing lipids to sediments (Ladd et al., 2018; Ladd et al., 2021a). This suggestion has 117 

not yet been systematically evaluated, but if d2Hlipid values consistently vary among algae 118 

taxonomic groups, it would facilitate reconstructions of past changes in algal community 119 

composition, as these ubiquitous compounds are found in diverse sedimentary archives 120 

(Meyers, 1997; Casteñada and Schouten, 2011; Witkowski et al., 2018). In particular, 121 

comparing changes in relative offsets among d2Hlipid values from different compound classes 122 

could allow changes in community composition to be assessed independently from changes 123 

in d2Hwater values. Another key advantage of this approach in the context of paleoecology is 124 

that isotopic composition of hydrogen bound to carbon is stable at the temperatures and 125 

pressures found near Earth’s surface and sedimentary deposits prior to catagenesis 126 

(Schimmelmann et al., 2006).  127 

To investigate how hydrogen isotope fractionation for diverse lipids varies among 128 

different types of algae, we grew 20 different species of algae, representing five taxonomic 129 

groups, under identical conditions and measured the d2H values of each lipid they produced 130 

in high quantities. We then evaluated how differences in algal community structure, observed 131 

in 20 outdoor experimental ponds (15000 L), can be translated into net d2Hlipid values of 132 

common and source-specific specific lipids recovered from suspended particles. We use the 133 

results of these laboratory and outdoor experiments to present a conceptual framework for 134 
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how algal d2Hlipid values can be combined with d2H values from other biomarkers co-135 

occurring in sediment samples to disentangle ecological and hydroclimatic signals. 136 

 137 

2. Methods 138 

2.1 Phytoplankton cultures 139 

We grew 20 species of phytoplankton (Table S1) in batch cultures at Eawag in 140 

Kastanienbaum, Switzerland, in 1 L Erlenmeyer flasks at 15 °C under a 12-hour light/dark 141 

cycle. Light intensity ranged from 130 - 230 µmol m-2 s-1 depending on the proximity to the 142 

light bank, but culture locations were rotated daily to promote more uniform light distribution 143 

among cultures. All cultures were grown on WC medium (Guillard and Lorenzen, 1972), 144 

which we prepared from stock nutrient solutions. After the medium for each flask was 145 

prepared, we adjusted the pH to 7 and then autoclaved prior to inoculation. We inoculated 146 

new cultures from established cultures growing under identical conditions. We monitored cell 147 

density on alternating days by removing small volume test aliquots from each culture under 148 

sterile conditions and then analyzing by flow cytometry (BD Accuri C6, BD Biosciences, 149 

San Jose, CA, USA). We determined cell density at the transition to stationary phase with 150 

initial cultures of each species, and then harvested individual cultures during the late 151 

exponential growth stage when they were approaching this cell density. Cultures were 152 

harvested by filtering them onto 142 mm diameter, 0.7 μm pore-size Whatman® GF/F glass 153 

fiber filters (previously combusted at 450 °C), which were stored at -20 °C until analyses 154 

were performed. We collected water samples for later analysis of the medium water δ2H and 155 

δ18O values on alternating days under the same conditions used to collect cell density 156 

aliquots. 157 

 158 

2.2 Experimental Ponds  159 

We collected experimental pond samples as part of a large-scale eutrophication 160 

experiment that was designed to test the impact of nutrient loading perturbations on 161 

interactions between algae, macrophytes, and mussels. This experiment was conducted at the 162 

Eawag Experimental Ponds facility in Dübendorf, Switzerland in 2016 (47.405 °N, 8.609 163 

°E), and has previously been described in more detail (Narwani et al., 2019; Lürig et al., 164 

2021). Each of the 20 artificial ponds used in the experiment had a volume of 15,000 L, a 165 

maximum depth of 1.5 m, and was inoculated with an algal community derived from surface 166 

waters of a nearby lake, Greifensee (47.354 °N, 8.672 °E). We randomly assigned the 20 167 
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ponds into five treatments (i.e., four ponds per treatment). Four ponds received neither 168 

nutrients, macrophytes, nor mussels (i.e., oligotrophic controls). The remaining 16 ponds 169 

received the same nutrient loading treatment over the course of the experiment (Narwani et 170 

al., 2019; Lürig et al., 2021), and, at the initiation of the experiment, four ponds 171 

received Macrophytes (Myriophillum spicatum), four ponds received mussels (Dreissena 172 

polymorpha), four ponds received both macrophytes and mussels, and four ponds received 173 

neither macrophytes and mussels (control ponds with nutrients). 174 

We equipped the 16 ponds that received nutrient additions with Exo2 Sondes (YSI, 175 

Yellow Springs, OH, USA) that measured dissolved oxygen, conductivity, temperature, pH, 176 

fluorescence of dissolved organic matter, and chlorophyll fluorescence at 15-minute 177 

intervals. To these ponds, nitrate and phosphate were added in the form of KNO3 and 178 

K2HPO4 at double the Redfield Ratio (N:P = 32:1), and as pulses of increasing P 179 

concentration over time: 10 μg/L (August 12th), then 20 μg/L (August 26th), 30 μg/L 180 

(September 9th), and finally 40 μg/L (September 22nd, 2016). 181 

On August 23rd, September 13th, and October 5th, 2016, we collected 15 L of water 182 

from each pond, using a PVC tube (5 cm diameter, 180 m length) equipped with a stopper 183 

and pull-cord, which allowed the entire water column to be sampled. To prevent cross-184 

contamination during sampling, each pond had its own PVC tube sampler and water 185 

collection bucket. Water was filtered through identical filters to those used for batch cultures 186 

until either the entire 15 L had been filtered, or until the filter clogged. Filters were stored 187 

frozen at -20 °C prior to freeze-drying. We also collected 8 mL of filtered water for isotopic 188 

analysis from each pond on each sampling date. Water samples were stored in the dark at 189 

room temperature in glass screw-cap vials that were sealed with electrical tape. 190 

Throughout the summer and fall, depth-integrated pond water was collected using the 191 

same PVC tubes every week, along with samples for nutrient analyses, chlorophyll 192 

concentrations, algal cell counts, and flow cytometry (Narwani et al., 2019). Methodology for 193 

these analyses and resulting data were published by Narwani et al. (2019).  194 

 195 

2.3 Lipid processing  196 

We extracted and purified lipids from all samples following previously described 197 

protocols (Ladd et al., 2017; Ladd et al., 2021b). In brief, freeze-dried filters were microwave 198 

extracted (SOLVpro, Anton Paar, Graz, Austria) in 9:1 dichloromethane (DCM)/methanol 199 

(MeOH) at 70 °C and the resulting TLE was saponified in 1N KOH in MeOH (3 hours at 70 200 

°C). We separated neutral lipids and fatty acids from each other by extracting the saponified 201 
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sample with hexane, then acidifying it to pH < 2 and extracting again with hexane. We 202 

methylated fatty acids with 5 % HCl in MeOH (12 hours at 70 °C). We separated neutral 203 

lipids from pond samples into compound classes using silica gel column chromatography, 204 

and acetylated 95 % of the resulting alcohol fraction with acetic anhydride in pyridine (30 205 

minutes at 70 °C). We acetylated 95 % of the neutral fraction from batch culture samples 206 

under identical conditions.  207 

We quantified lipids by gas chromatography – flame ionization detection (GC-FID) 208 

(Shimazdu, Kyoto, Japan) at Eawag in Kastanienbaum, Switzerland, as described by Ladd et 209 

al. (2017). We used internal recovery standards that we added prior to lipid extraction to 210 

account for any losses during sample handling. We identified fatty acids based on retention 211 

times relative to compounds in a fatty acid standard mixture (Supelco 37 component FAME 212 

mix, SigmaAldrich). We identified phytosterols and stanols from pond samples by gas 213 

chromatography – mass spectrometry (GC-MS) (Agilent Technologies, Santa Clara, CA, 214 

USA) at Eawag in Dübendorf, Switzerland, as described by Krentscher et al. (2019). In order 215 

to confirm compound identifications, we silylated the 5 % reserve aliquots of the alcohol 216 

fraction from each pond sample (25 μL BSTFA in 25 μL pyridine at 60 °C for 1 hour). We 217 

compared mass spectra from the resulting trimethylsilyl-ethers to published spectra, and used 218 

diagnostic fragments and relative peak areas to confirm identifications of acetylated alcohols, 219 

many of which did not have published reference spectra. We identified acetylated sterols 220 

from algal cultures by GC-MS (Shimazdu, Kyoto, Japan) at Eawag in Kastanienbaum as 221 

described by Ladd et al (2017), comparing resulting mass spectra to those previously 222 

identified from pond samples.  223 

 224 

2.4 Lipid d2H measurements 225 

We measured compound specific hydrogen isotopes by gas chromatography–isotope 226 

ratio mass spectrometry (GC-IRMS) at Eawag in Kastanienbaum on a Trace 1310 GC 227 

coupled to a Delta V Plus IRMS with a ConFlow IV interface (Thermo Scientific, Waltham 228 

MA, USA), following methods previously described by Ladd et al., (2018). We analyzed a 229 

mix of n-alkanes of known δ2H values (n-C17, 19, 21, 23, 25, 28, 34) from Arndt Schimmelmann 230 

(Indiana University) as reference materials in triplicate at the beginning and end of each 231 

sequence, as well as after every 8-9 injections of samples. All sample and standard compound 232 

δ2H values were initially calculated in the Isodat software platform relative to H2 reference 233 

gas. After measurement, the δ2H values of the standards were used to reference the sample 234 
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compound δ2H values to the VSMOW scale and to correct for isotope effects associated with 235 

retention time, peak area, or time-based drift. We analyzed an additional quality control 236 

standard of n-C29 alkane three times throughout each sequence (δ2H = –139 ± 4.8 ‰; n = 98). 237 

The H3+ factor was calculated at the beginning of each sequence and averaged 3.9 ± 0.4 238 

during the analyses of culture samples and 2.6 ± 0.1 during the analyses of pond samples.  239 

We limited our analysis to compounds with peak areas greater than 15 Vs. Our analyses 240 

were generally limited to compounds that produced baseline separated peaks at this 241 

concentration on the GC-IRMS, with the exception being unsaturated C18 FAMEs, which 242 

were manually integrated as a three-compound co-eluting peak, and subsequently referred to 243 

as C18:x. In the pond samples, the presence and relative abundance of sterols, stanols, and 244 

FAMEs was highly variable among samples, and components that were suitable for 245 

compound-specific isotopic analyses according to our criteria were not consistent among 246 

samples.  247 

 248 

2.5 Water isotope measurements 249 

We filtered water samples through a 0.45 μm polyethersulfone membrane and analyzed 250 

their isotopic composition (d2H, d18O) by cavity ring down spectroscopy (L-2120i Water 251 

Isotope Analyzer, Picarro, Santa Clara, CA) at ETH-Zürich as in Ladd et al. (2018). Chem 252 

correct software was actively used to flag samples with potential organic contamination. 253 

Average offsets from known values for standards analyzed with samples were 0.6 ‰ for 254 

hydrogen and 0.1 ‰ for oxygen. Average standard deviations for triplicate analyses were 0.7 255 

‰ for hydrogen and 0.09 ‰ for oxygen.  256 

 257 

2.6 Calculations and Statistics 258 

The hydrogen isotope ratios (2H/1H) of individual samples were normalized to the 259 

VSMOW scale and reported as d2H values, where d2H = ((2H/1H)sample/(2H/1H)VSMOW)) – 1, 260 

and is multiplied by 1000 to express in terms of ‰ (Coplen, 2011). The apparent 2H/1H 261 

fractionation factor between lipids and source water was calculated as α2Lipid/Water = 262 

(2H/1H)Lipid/(2H/1H)Water. Because d2Hwater values were consistent among batch cultures, we 263 

used the mean d2H value (-82.8 ± 0.7 ‰) to calculate α2Lipid/Water values from all cultures. 264 

Although α2Lipid/Water is the aggregate isotope effect of several biochemical steps and may 265 

differ due to kinetic isotope fractionation across a wide range of d2Hwater values, it serves as a 266 

useful representation of apparent 2H/1H fractionation (Sessions and Hayes, 2005; Zhang et al., 267 
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2014). The relative offset in d2H values among lipids was calculated as ε2Lipid 1/Lipid 2 (= α2Lipid 268 

1/Lipid 2 – 1), and is multiplied by 1000 to express in terms of ‰.  269 

Comparisons of d2Hlipid, α2lipid-water values, and ε2Lipid 1/ Lipid 2 values among taxonomic 270 

groups were made with Brown-Forsythe and Welch one-way ANOVA tests, with posthoc 271 

Dunnett’s T3 multiple comparisons test to assess pairwise comparisons among taxonomic 272 

groups. Ordinary least squares regression was used to compare α2lipid-water values and ε2Lipid 1/ 273 

Lipid 2 values from the ponds with chlorophyll a concentrations and the relative biovolumes of 274 

different algal taxonomic groups. All statistical analyses were performed in Prism (Version 275 

9.5.1, GraphPad Software, LLC). 276 

 277 

3. Results 278 

3.1 Hydrogen isotope fractionation in algal cultures varies among compound classes 279 

and taxonomic groups 280 

The variability in d2H values for individual lipids among different cultures was large (> 281 

200 ‰), even though d2Hwater values were constant, indicating a wide range of species-282 

specific α2Lipid/Water values (Figure 1). α2Lipid/Water values clustered by taxonomic class, with 283 

green algae having higher α2C16:0/Water values than any other group (Figure 1a). Green algae 284 

also tended to produce relatively 2H-enriched phytol, especially relative to phytol from 285 

cyanobacteria (Figure 1b). However, the difference in d2HPhytol values between green algae 286 

and diatoms was less pronounced than the difference in their respective d2HC16:0 values, and 287 

dinoflagellates and cryptomonads had similar d2HPhytol values to green algae (Figure 1b). In 288 

the case of sterols, those from diatoms were significantly enriched in 2H relative to all three 289 

other groups of eukaryotic phytoplankton (Figure 1c), in marked contrast to the relatively 290 

low α2C16:0/Water and α2Phytol/Water values from diatoms. 291 

Among algal taxonomic groups, there were also clear differences in the relative 2H/1H 292 

offset among biomarkers from different compound classes (ε2Lipid 1/Lipid 2 values) (Figure 1). 293 

Green algae and cyanobacteria tended to have relatively high ε2C16:0/Phytol values compared to 294 

the remaining eukaryotic algal groups (Figure 1d). While the difference in mean ε2C16:0/Phytol 295 

values among groups was large (> 100 ‰), it was not significant. Diatoms had the lowest 296 

ε2C16:0/Sterols values of any group, while green algae tended to have the highest (although these 297 

were not significantly different from those of dinoflagellates) (Figure 1e). Diatoms had the 298 

highest ε2Sterol/Phytol and dinoflagellates had the lowest, with intermediate values for green 299 
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algae and cryptomonads (Figure 1f). The overall magnitude of variability for ε2C16:0/Sterols 300 

values among all eukaryotic taxa was roughly twice as large as that of ε2Sterol/Phytol values. 301 

 302 
Figure 1 Hydrogen isotope variability among lipids from algal batch cultures. Panels a, b, 303 
and c show α2Lipid/Water values for C16:0 fatty acid, phytol, and all measured sterols, 304 
respectively. The y-axes of panels a, b, and c are scaled to span a range of 0.250, but the 305 
absolute values differ among panels to accommodate different α2lipid/water values for each 306 
compound. Panels d, e, and f show relative 2H/1H offsets (ε2Lipid 1/Lipid 2 values) between C16:0 307 
fatty acid and phytol, C16:0 fatty acid and sterol, and sterols and phytol, respectively. The y-308 
axes of panels d, e, and f are scaled to span a range of 500 ‰, but the absolute values differ 309 
among panels to accommodate different ε2Lipid 1/Lipid 2 values for each compound.   *p < 0.05; 310 
**p < 0.01; ***p < 0.001; ****p < 0.0001. 311 

 312 

3.2 Hydrogen isotope fractionation varied with nutrient additions to experimental 313 

ponds for some compounds  314 

Pond water isotopes became progressively enriched in 2H and 18O as the experiment 315 

progressed due to evaporation, but had minimal variation among ponds each week (Table 1). 316 

Overall, d2HWater values from the final sampling week were within ~ 10 ‰ of those from the 317 

first sampling week. Despite this relatively small range of d2HWater values, d2HLipid values for 318 

individual compounds spanned a much larger range, > 150 ‰ in the case of some fatty acids. 319 
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The magnitude of variability in α2Lipid/Water values was not consistent among compounds, even 320 

for those we were able to measure in almost all samples. For example, the standard deviation 321 

for α2C16:0 Acid/Water values was 0.043 (n = 58), while α2Phytol/Water values had a standard 322 

deviation of 0.012 (n = 53).  323 

 324 
Table 1.  Mean water isotope values for pond water during each sampling week (n = 20 for 325 
each week). Uncertainty represents one standard deviation of all measurements.  326 

Date δ2H (VSMOW, ‰) δ18O (VSMOW, ‰) 

23.08.2016 -37.4 ± 1.6 -3.4 ± 0.3 

13.09.2016 -32.4 ± 0.9 -2.2 ± 0.2 

05.10.2016 -29.9 ± 1.0 -1.7 ± 0.2 
 327 

 328 
Figure 2 Relationships between α2Lipid/Water values and chlorophyll a concentration in 329 
experimental ponds for selected compounds. Symbols represent total cumulative added P. 330 
Ponds that were designated oligotrophic controls (0 µg/L added P) are represented with open 331 
circles regardless of sampling week. For all other treatments, upward-facing triangles 332 
represent samples collected on August 23rd, downward-facing triangles represent samples 333 



 12 

collected on September 13, and squares represent samples collected on October 5, 2016. 334 
Shading represents 95 % confidence intervals of linear regressions. Regression lines are 335 
shown for significant linear correlations. *p < 0.05; ***p < 0.001; ****p < 0.0001. 336 

 337 

For several compounds, including more generic fatty acids such as C16:0, C16:1, and 338 

C18:x, α2Lipid/Water values were positively correlated with overall algal productivity in the pond 339 

experiment, as indicated by chlorophyll a concentration (Figure 2). In contrast to these fatty 340 

acids, α2Lipid/Water values for stigmasterol, the sterol which we were able to measure d2H 341 

values from in the greatest number of ponds, were negatively correlated with algal 342 

productivity. For other compounds, including phytol and the dinoflagellate biomarker 343 

dinostanol, there was no correlation between α2Lipid/Water values and productivity indicators 344 

(Figure 2).  345 

In the experimental ponds, nutrient loading and the presence and/or absence of 346 

keystone species not only caused overall algal productivity to vary, but also resulted in 347 

changes in the relative abundance of different algal taxa, as explored in more detail by 348 

Narwani et al. (2019). In many cases, ε2Lipid 1/Lipid 2 values varied with changes in algal 349 

community composition that were consistent with the results of the unialgal batch cultures. 350 

For example, in ponds where the algal biovolume was dominated by cyanobacteria and/or 351 

green algae, ε2C16:0/Phytol values were higher than in ponds where these two taxa were less 352 

abundant (Figure 3a), consistent with the pattern identified in the batch cultures (Figure 1d). 353 

Likewise, ε2C16:0/Stigmasterol values were positively correlated with the relative abundance of 354 

green algae (Figure 3b), again, consistent with the batch cultures (Figure 1e). There was a 355 

negative trend for ε2Stigmasterol/Phytol values as the relative abundance of green algae increased, 356 

but this correlation was not significant (Figure 3c).  357 

 358 
Figure 3 Relationships between ε2Lipid 1/Lipid 2 values and changes in the relative abundance of 359 
algal groups for selected compound pairs. Panel a shows the relationship between ε2C16:0/Phytol 360 



 13 

values and the relative abundance of cyanobacteria and green algae (as a percentage of the 361 
total algal biovolume). Panel b shows the relationship between ε2C16:0/Stigmasterol values and the 362 
relative abundance of green algae (as a percentage of the total eukaryotic algal biovolume), 363 
panel c shows the equivalent relationship for ε2Stigmasterol/Phytol values (note different scaling for 364 
y-axis in panel c). Cyanobacteria are excluded from the biovolume in panels b and c as they 365 
do not produce sterols. Symbols represent total cumulative added P. Ponds that were 366 
designated oligotrophic controls (0 µg/L added P) are represented with open circles 367 
regardless of sampling week. For all other treatments, upward-facing triangles represent 368 
samples collected on August 23rd, downward-facing triangles represent samples collected on 369 
September 13, and squares represent samples collected on October 5, 2016. Shading 370 
represents 95 % confidence intervals of linear regressions; regression lines are only shown 371 
for significant correlations. ***p < 0.001, ****p < 0.0001. 372 
 373 

4. Discussion 374 

We determined how hydrogen isotope fractionation between lipids and source water 375 

varied among algae in batch cultures of 20 species representing five taxonomic groups, and 376 

assessed how changes in algal community composition in experimental ponds related to 377 

changes in net hydrogen isotope fractionation for both ubiquitous and relatively source-378 

specific lipids. Our results indicate that variability in biosynthetic hydrogen isotope 379 

fractionation is large compared to the natural variability of hydrogen isotopes in the global 380 

water cycle. They also suggest that there are systematic differences in biosynthetic hydrogen 381 

isotope fractionation among algal taxonomic groups that differ among lipid compound 382 

classes. In the following discussion, we explore potential biochemical mechanisms that may 383 

account for these patterns, demonstrate how the relative abundance of different algal species 384 

can affect the net hydrogen isotope signal recorded by ubiquitous algal lipids, and propose a 385 

conceptual framework for disentangling changes in algal community composition from 386 

changes in source water hydrogen isotopes in sedimentary records.    387 

 388 

4.1 Sources of variability in hydrogen isotope fractionation factors among algal taxa  389 

Many of the differences in α2Lipid/Water values for phytol and sterols that we observed 390 

among algal taxonomic groups in batch cultures are consistent with existing knowledge about 391 

sources of variability in biosynthetic hydrogen isotope fractionation during the synthesis of 392 

isoprenoid lipids. Although the hydrogen in the lipids of photosynthesizing organisms is 393 

originally from the water in which they grew, various biochemical reactions result in 2H/1H 394 

fractionation and impact the overall d2H values of lipids (Sessions et al., 1999; Session and 395 

Hayes, 2005; Sachse et al., 2012). In particular, contributions from NADPH produced by 396 

different reactions have a large influence on lipid d2H values (X. Zhang et al., 2009; Cormier 397 
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et al., 2018; Wijker et al., 2019). NADPH produced in photosystem 1 in the chloroplast is 398 

depleted in 2H by several hundred ‰ relative to NAD(P)H formed during glycolysis or by 399 

the oxidative pentose phosphate cycle (Schmidt et al., 2003; X. Zhang et al. 2009; Cormier et 400 

al., 2018). As such, processes that impact the relative contributions of hydride from distinct 401 

NADPH sources represent one of the main mechanisms by which biosynthetic α2Lipid/Water 402 

values can vary on large scales (Sachs and Kakwa, 2015; Maloney et al., 2016; Cormier et 403 

al., 2018; Ladd et al., 2021b).  404 

Previous observations of variability in α2Lipid/Water values for phytol and sterols have 405 

frequently been attributed to differences in the relative contributions from each of two 406 

biosynthetic pathways – the cytosolic mevalonic acid (MVA) pathway and the plastidic 407 

methylerythritol phosphate (MEP) pathway – that can produce isoprenoids (Figure 4) 408 

(Sessions et al., 1999; Sachse et al., 2012; Maloney et al., 2016; Sachs et al., 2016, 2017; 409 

Ladd et al., 2018, 2021b). Compounds produced by the MEP pathway, including phytol, tend 410 

to be depleted in 2H relative to compounds produced in the MVA pathway, most likely due to 411 

relatively more H from photosynthetic NADPH being incorporated into MEP derived 412 

isoprenoids (Sessions et al., 1999; Chikaraishi et al., 2004; Sessions, 2006; Zhou et al., 2011; 413 

Ladd et al., 2021b; Rhim et al., 2023). Although specific compounds tend to be produced by 414 

one pathway or the other (e.g., phytol by the MEP pathway and sterols by the MVA 415 

pathway), they contain common biosynthetic precursors that can be produced by both 416 

pathways, and that are likely exchanged across the plastid membrane (Hemerlin et al., 2012; 417 

Ladd et al., 2021b, 2023) (Figure 4). Most eukaryotic algae produce isoprenoids using both 418 

the MVA and the MEP pathway, but green algae are only capable of producing isoprenoids, 419 

including sterols, through the MEP pathway (Schwender et al., 1996; Disch et al., 1998; 420 

Lichtenthaler, 1999). As such, green algae would be expected to have lower α2Sterol/Water 421 

values than other eukaryotic algae. Consistent with this expectation, green algae in our 422 

culturing data set have lower α2Sterol/Water values than diatoms (Figure 1c).  423 

Dinoflagellates in our cultures also had relatively low α2Sterol/Water values (Figure 1c), 424 

even though they have the genetic capability to produce sterols through the MVA pathway 425 

(Hemerlin et al., 2012). However, transcriptomic data indicate that many dinoflagellates rely 426 

exclusively on the MEP pathway for isoprenoid synthesis (Bentlage et al., 2016). Low 427 

α2Sterol/Water values for dinosterol and other sterols produced by dinoflagellates are consistent 428 

with a tendency for dinoflagellates to produce sterols via the MEP pathway, resulting in 429 

α2Sterol/Water values that are comparable to those from green algae, which are obliged to use the 430 

MEP pathway for sterol synthesis. The low α2Sterol/Water values observed in our dinoflagellate 431 
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cultures are consistent with values for the dinoflagellate biomarker dinostanol in the pond 432 

samples (Figure 2), as well as with those reported from environmental dinosterol (Nelson 433 

and Sachs, 2014; Schwab et al., 2015; Maloney et al., 2019), a sterol primarily produced by 434 

dinoflagellates (Volkman, 2003). For example, in surface sediments and suspended organic 435 

matter filtered from the water column of saline and hypersaline lakes, α2Dinosterol/Water values 436 

were consistently lower than α2Brassicasterol/Water values from the same samples (Nelson and 437 

Sachs, 2014). The freshwater end member value for α2Dinosterol/Water in this study was 0.688, 438 

which is within the range we observed for dinoflagellates in our cultures (Figure 1c) and 439 

similar to measurements of α2Dinosterol/Water from suspended organic matter in lakes in 440 

Cameroon (0.713 ± 0.011; Schwab et al., 2015). These low α2Sterol/Water values for sterols 441 

produced by dinoflagellates, along with expression of MEP genes but not MVA genes in 442 

several dinoflagellate taxa (Bentlage et al., 2016), provide additional support for the 443 

hypothesis that relative use of the MEP pathway for sterol precursors is a primary driver of 444 

variability in α2Sterol/Water values. 445 

 446 

 447 
Figure 4: Schematic representation of biochemical steps that could result in 2H-enrichment 448 
or depletion for isoprenoid lipids in (a) eukaryotic microalgae other than green algae, (b) 449 
green algae, and (c) cyanobacteria. Several intermediate compounds are omitted for clarity. 450 
Abbreviations: FPP, farnesyl pyrophosphate; GA-3-P, glyceraldehyde 3-phosphate; GGPP, 451 
geranylgeranyl pyrophosphate; GPP, geranyl pyrophosphate; IPP isopentenyl pyrophosphate; 452 
MEP, methylerythritol phosphate; MVA, mevalonic acid. 453 
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 454 

In contrast to sterols, phytol is typically produced via the MEP pathway (Hemerlin et 455 

al., 2012) (Figure 4). Low α2Phytol/Water values, relative to those from sterols and other 456 

isoprenoids, are typically attributed to phytol’s MEP source (Sessions et al., 1999; Sessions, 457 

2006; Ladd et al., 2021b). Our algal cultures and experimental pond samples were also 458 

characterized by low α2Phytol/Water values (Figure 1b, 2f). Notably, α2Phytol/Water values were 459 

always lower than α2Sterol/Water values from the same sample, indicated by positive ε2Sterol/Phytol 460 

values. This relationship is observed even for cultures of taxa that cannot (green algae) or 461 

apparently do not (dinoflagellates) produce sterols via the MVA pathway (Figure 1f). 462 

Therefore, low α2Phytol/Water values cannot be attributed solely to phytol’s production in the 463 

MEP pathway. Additional 2H-depletion of phytol relative to MEP-derived sterols is likely 464 

caused by the addition of extremely 2H-depleted hydrogen during the hydrogenation of 465 

geranylgeranyl pyrophosphate (GGPP) to form phytol (Chikaraishi et al., 2009) (Figure 4). 466 

The only reported ε2GGPP/Phytol values are from cucumber cotyledons, and have a value of 98 467 

‰ (Chikaraishi et al., 2009), comparable to ε2Sterol/Phytol values of 89 ± 53 ‰ from cultured 468 

green algae and dinoflagellates, and to ε2Sterol/Phytol values of ~85 ‰ from higher plants that 469 

produce sterols primarily with MEP-derived precursors (Ladd et al., 2021b). As such, 470 

differences between sterol and phytol d2H values (as non-zero ε2Sterol/Phytol values) from green 471 

algae and dinoflagellates are likely caused only by hydrogenation of GGPP to phytol, while 472 

the higher ε2Sterol/Phytol values from cultured diatoms (221 ± 47 ‰) likely represent the 473 

combined H-isotope effects of GGPP hydrogenation and sterol synthesis via the MVA 474 

pathway (Figure 4).      475 

Phytol d2H values were lowest in cultured cyanobacteria (Figure 1b). Cyanobacteria 476 

only produce isoprenoids via the MEP pathway and lack the MVA pathway, therefore there 477 

is no possibility that cyanobacterial phytol is synthesized from MVA intermediates. In most 478 

eukaryotic algae, metabolic cross-talk of isoprenoid intermediates across the plastid 479 

membrane has the potential to contribute relatively 2H-enriched precursors to phytol 480 

synthesis, as a significant portion of phytol in higher plants can be from MVA-derived 481 

precursors (Opitz et al., 2014), and the same is likely true for phytol in eukaryotic algae that 482 

maintain both pathways. However, crosstalk between the MEP and MVA pathways cannot 483 

explain why green algae also produce phytol that is enriched in 2H relative to phytol from 484 

cyanobacteria, since these eukaryotes also lack the MVA pathway. Another possible 485 

mechanism by which 2H-enriched cytosolic precursors could be incorporated into phytol in 486 
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eukaryotes is via transport of glyceraldehyde 3-phospate (GA-3-P) into the plastid, where it 487 

could substitute for relatively 2H-depleted GA-3-P produced from the Calvin Cycle (Figure 488 

4) (Ladd et al., 2021b). Incorporation of cytosolic GA-3-P into plastidic isoprenoids could 489 

explain 2H-enrichment of phytol from all eukaryotes relative to phytol from cyanobacteria, 490 

and thus seems like the more plausible explanation to account for this difference. 491 

It is less apparent why fatty acid d2H values would be higher in green algae than in 492 

other taxa (Figure 1a). Differences in the metabolism of green algae relative to diatoms and 493 

other eukaryotes, including the nature of their plastid membranes (Archibald, 2015; Zulu et 494 

al., 2018) and NADPH transfer between chloroplasts and mitochondria (Bailleul et al., 2015) 495 

could potentially shift the relative sources of carbohydrate precursors and/or NADPH used in 496 

fatty acid synthesis, thereby affecting overall α2Fatty Acid/Water values. From our present data, we 497 

are only able to observe that this 2H-enrichment of green algal fatty acids seems to be robust, 498 

with consistent α2Fatty Acid/Water values for green algal cultures and for ponds that became 499 

dominated by green algae. Future experimental work should investigate the mechanistic 500 

causes of relatively 2H-enriched fatty acids in green algae, relative to other taxa. Ideally, 501 

these follow-up experiments will incorporate complementary metabolomic and 502 

transcriptomic analyses, which could also be used to test the hypotheses we have presented 503 

for variable α2Lipid/Water values during isoprenoid synthesis by different taxonomic groups. 504 

 505 

4.2 Changes in algal community composition can lead to large changes in net 2H/1H 506 

fractionation for common algal lipids 507 

  Similar to our measurements from algal batch cultures and experimental ponds, field 508 

studies of hydrogen isotope fractionation associated with common lipids in Swiss lakes have 509 

reported a wide range in α2C16:0/Water values, with an overall smaller range and lower values 510 

for α2Phytol/Water values (Ladd et al., 2017; Ladd et al., 2018). For example, in a time series of 511 

algal biomass collected from Greifensee, α2C16:0/Water values ranged from 0.743 to 0.891, 512 

while α2Phytol/Water values ranged from 0.617 to 0.668 (Ladd et al., 2017). The design of these 513 

field studies left it uncertain whether this variability in α2Lipid/Water values was due to 514 

variability within taxa as environmental variables such as temperature or nutrient availability 515 

changed, or if it was due to changes in community composition. Our new batch culture data 516 

demonstrates that the range in fractionation factors due to species composition alone is 517 

enough to account for natural variability in α2Lipid/Water values, and the taxonomic variability is 518 

an order of magnitude larger than within-species variability driven by environmental 519 
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variables such as salinity, temperature, light levels, and nutrient availability (e.g., Schouten et 520 

al., 2006; Zhang and Sachs, 2007; Sachs and Kawka, 2015; van der Meer et al., 2015; 521 

Maloney et al., 2016). 522 

The experimental pond results demonstrate how compositional variability of algal 523 

communities can lead to large shifts in α2Fatty Acid/Water values. Due to nutrient additions and 524 

interactions with keystone species, the algal community composition among the different 525 

ponds diverged, with green algae and cyanobacteria becoming much more dominant in some 526 

ponds than others (Narwani et al., 2019). Both of these taxa have higher α2Fatty Acid/Water values 527 

than other cultured algae (Figure 1a), and it would thus be expected that α2Fatty Acid/Water 528 

values increase in ponds where they dominate, as we observed in the ponds, albeit with some 529 

scatter (Figure 2a-c).  530 

The expected signal for changes in α2Phytol/Water values is more complicated, since 531 

green algae had higher values than diatoms, while cyanobacteria had a non-significant 532 

tendency towards lower values than diatoms (Figure 1b). The smaller range and minimal 533 

trend in α2Phytol/Water values in the ponds is thus also consistent with the culturing results 534 

(Figure 2f). In the case of stanols and sterols, α2Lipid/Water values for dinostanol, which is not 535 

produced by green algae nor cyanobacteria, were insensitive to changing community 536 

composition (Figure 2e), while those for stigmasterol, which is produced by cryptomonads, 537 

dinoflagellates, and green algae (Volkman, 2003; Taipale et al., 2016; Peltomaa et al., 2023), 538 

decreased in the more productive ponds (Figure 2d), consistent with the relatively low 539 

α2Sterol/Water values from green algae in culture (Figure 1c). 540 

Changes in algal community composition seem more likely to explain the observed 541 

changes in α2Lipid/Water values in the ponds than other potential explanations. Higher nutrient 542 

concentrations are unlikely to explain higher α2Fatty/Water values, since higher growth rates 543 

and/or higher nutrient concentrations typically result in lower or constant α2Lipid/Water values in 544 

cultured algae (Schouten et al., 2006; Z. Zhang et al., 2009; Sachs and Kawka, 2015; 545 

Wolhowe et al., 2015). Second, although many common fatty acids, including C16:0, are also 546 

produced by heterotrophic microbes and zooplankton, changes in relative contributions from 547 

heterotrophs would be expected to produce a decrease in α2Lipid/Water values for fatty acids in 548 

ponds with greater algal productivity. Fatty acids synthesized through heterotrophic 549 

metabolisms typically have higher α2Fatty Acid/Water values than those synthesized from 550 

photosynthetic products (X. Zhang et al., 2009; Osburn et al., 2011; Heinzelmann et al., 551 

2015; Cormier et al., 2018). Algal blooms are therefore expected to result in lower α2Fatty 552 

Acid/Water values, as a higher percentage of the fatty acids will be derived from photoautotrophs 553 
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(Heinzelmann et al., 2016). Decreases in α2Fatty Acid/Water values during periods of increased 554 

chlorophyll concentrations have in fact been observed in time series of suspended particles 555 

from the water column in the North Sea (Heinzelmann et al., 2016) and in lakes from central 556 

Switzerland (Ladd et al., 2017), opposite to the trend observed in the ponds with the largest 557 

algal blooms.  558 

Mixotrophy can also affect α2Fatty Acid/Water values (Cormier et al., 2022). Since 559 

mixotrophy becomes a more dominant strategy under low nutrient conditions (Stoecker et al., 560 

2017; Wentzky et al., 2020), it should result in higher α2Fatty acid/Water values in less productive 561 

ponds, the opposite of the observed trend (Figure 2). Additionally, the maximum effect of 562 

mixotrophy within a single species across extreme conditions (green algae grown in the dark 563 

on glucose compared to green algae grown in the light without glucose in the medium) is 564 

only a ~ 0.040 change in α2Fatty Acid/Water values (Cormier et al. 2022), considerably smaller 565 

than the ~ 0.120 variability in α2Fatty Acid/Water values among ponds (Figure 2). As such, 566 

mixotrophy, heterotrophy, and changes in growth rate within individual taxa are all unlikely 567 

to explain the large variability α2Fatty Acid/Water values that occurred in our pond experiment. 568 

 569 

4.3 Interpreting d2H values of multiple lipid biomarkers in sediments 570 

Lipid d2H values may be much more sensitive to taxonomic compositional changes in 571 

the algal community than to changes in water d2H values, especially for compounds with a 572 

diverse range of producers. As such, there is potential to develop d2H values of lipids as 573 

paleoecological indicators, which would be particularly useful for constraining the past 574 

abundance of taxonomic groups that are underrepresented in traditional microscopic 575 

techniques, including most green algae, and would be complementary to pigment analyses, 576 

where interpretation is challenging due to variability in the degradation rates among pigments 577 

produced by different taxa. In practice, the use of lipid d2H values as ecological indicators 578 

will be most useful when comparing changes in the relative 2H-offsets among different 579 

compounds (that is, ε2Lipid 1/Lipid 2 values), as these are insensitive to changes in water d2H 580 

values, which will have a secondary impact on the d2H values of individual compounds.  581 

 In the pond experiment, we observed that ε2Lipid 1/Lipid 2 values for different lipid pairs 582 

often changed in the way we would have predicted based on the culturing results. In 583 

particular, ε2C16/Phytol values increased in the ponds where a greater percentage of the algal 584 

biovolume was from green algae and cyanobacteria (Figure 3a). In ponds where all or almost 585 

all of the algal biovolume was from green algae and cyanobacteria, ε2C16/Phytol values were 586 
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~300 ‰, similar to the ε2C16/Phytol values from these two taxonomic groups in cultures (Figure 587 

1d). These two compounds are produced by virtually all algae, and thus may be most 588 

appropriate for capturing changes in the relative contributions from different taxonomic 589 

groups. Likewise, in the context of considering ε2Sterol/Phytol and ε2C16/Sterol values as ecological 590 

indicators, it is more useful to make calculations with a sterol that is produced by diverse 591 

algae, rather than a relatively source specific organism. Among the compounds we were able 592 

to analyze from the ponds, stigmasterol is a relatively common sterol produced by some 593 

cryptomonads, diatoms, dinoflagellates, and green algae (Volkman, 2003; Taipale et al., 594 

2016; Peltomaa et al., 2023). Based on the culturing data, ε2C16/Stigmasterol values should 595 

increase as green algal biovolume increases, exactly as observed in the ponds (Figure 3b). At 596 

the same time, this shift should produce lower ε2Stigmasterol/Phytol values, which we observed as a 597 

non-significant trend in the ponds (Figure 3c).  598 

Ecological effects on lipid d2H values have the potential to be much larger than typical 599 

changes in precipitation isotopes, which at mid-latitudes vary by ~50 ‰ across large climate 600 

reorganizations such as glacial-interglacial transitions (Tierney et al., 2020). Despite the 601 

potential ecological complications, in many circumstances it is still possible to infer changes 602 

in past water d2H values from sedimentary d2H values. In general, the more source-specific a 603 

lipid biomarker is, the more likely changes in its hydrogen isotope composition are to reflect 604 

changes in source water hydrogen isotopes, rather than changes in ecology. For example, 605 

dinosterol d2H values are positively correlated with lake water and precipitation d2H values 606 

in freshwater lakes on Pacific islands, while C16:0 acid d2H values from the same sediments 607 

are not (Maloney et al., 2019; Ladd et al., 2021a). The highest confidence that sedimentary 608 

d2H signals are driven primarily by changes in precipitation d2H values can be achieved by 609 

measuring d2H values of two lipids and calculating their ε2Lipid 1/Lipid 2 values (Figure 5). If the 610 

ε2Lipid 1/Lipid 2 values are relatively stable, it is strongly suggestive that changes in the 611 

individual lipid d2H values are primarily driven by source water d2H values. This is true for 612 

two relatively source specific lipids, two generic lipids from different biosynthetic pathways, 613 

or a combination of the two. On the other hand, fluctuating ε2Lipid 1/Lipid 2 values between two 614 

lipids are indicative of change in the relative contributions from different source organisms, 615 

which can either be used simply to identify non-hydrologic components of sediment record, 616 

or to reconstruct algal community dynamics provided adequate background on the ecological 617 

setting. Overall, measuring lipid d2H values from a wide range of compounds within a single 618 
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sediment sample, and calculating 2H-offsets among them, offers an opportunity to reconstruct 619 

changes in hydroclimate and aquatic ecology over time.  620 

 621 

 622 
Figure 5 Schematic representation of how d2HLipid values and ε2Lipid 1/Lipid 2 values may 623 
change over time in response to changes in d2HWater values and algal community composition. 624 
Positive trends in arrows are generally representative of change, and in real sediments could 625 
be negative, non-linear, or influenced by low-amplitude stochastic variability.  626 
 627 
 628 

5. Conclusions 629 

  Hydrogen isotope fractionation during lipid synthesis varies among algal species, but 630 

these differences have not previously been systematically explored as a (paleo)ecological 631 

indicator. Here, we cultured 20 species of phytoplankton, representing cyanobacteria, 632 

diatoms, green algae, dinoflagellates, and cryptomonads, and measured the d2H values of 633 

their fatty acids, sterols, and phytol. We observed that d2HLipid values differed among 634 

taxonomic groups, and that the relative abundance of 2H in lipids of different compound 635 

classes also displays distinct patterns among taxonomic groups. For example, diatoms 636 

produced relatively 2H-depleted fatty acids and relatively 2H-enriched sterols, with green 637 

algae displaying the opposite pattern. As such, the relative 2H-offsets between different 638 

lipids, expressed as ε2Lipid 1/Lipid 2 values, is highly sensitive to taxonomic source, and can be 639 

developed as a proxy of community composition that is independent to changes in source 640 

water d2H values. We subsequentially demonstrated how ε2Lipid 1/Lipid 2 values change with 641 

community composition through an ecosystem manipulation in 20 experimental ponds. These 642 

results can be applied to interpret sedimentary variability in d2HLipid values of co-occurring 643 

compounds. In sediment records, changes in d2HLipid values of highly source-specific lipids, 644 
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or synchronized changes in d2HLipid values of lipids of different compounds with diverse 645 

biological sources, can be interpreted as changes in d2HWater values. Changes in the ε2Lipid 646 

1/Lipid 2 values of common lipids with broad taxonomic sources, on the other hand, can be used 647 

to identify past changes in algal community composition. 648 
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 945 

Table S1: Cultured algal species and taxonomic classifications  946 
Species Group Class Number of replicate cultures 
Achnanthes sp. diatoms Bacillariophyceae 3 
Aphanizomenon flos-aquae cyanobacteria Cyanophyceae 3 
Aphanothece clathrata cyanobacteria Cyanophyceae 3 
Asterionella formosa diatoms Bacillariophyceae 2 
Botryococcus braunii-1 green algae Trebouxiophyceae 3 
Botryococcus braunii-2 green algae Trebouxiophyceae 3 
Chlamydomonas reinhardtii green algae Chlorophyceae 3 
Cosmarium botrytis green algae Conjugatophyceae 3 
Cryptomonas ovata Cryptomonads Cryptophyceae 2 
Cyclotella meneghiniana diatoms Mediophyceae 2 
Cystodinium spec. dinoflagellates Dinophyta 2 
Eudorina unicocca green algae Chlorophyceae 3 
Microcystis aeruginosa cyanobacteria Cyanophyceae 2 
Peridinium spec. dinoflagellates Dinophyta 2 
Scenedesmus acuminatus green algae Chlorophyceae 3 
Stephanodiscus minutulus diatoms Bacillariophyceae 3 
Synechococcus cyanobacteria Cyanophyceae 5 
Synedra rumpens var. familiaris diatoms Bacillariophyceae 2 
Tabellaria sp. diatoms Bacillariophyceae 3 
Volvox aureus green algae Chlorophyceae 3 
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