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Long-chain diols are biomarkers commonly used in the marine realm to reconstruct several environmental parameters such as sea surface temperature and salinity. However, they are also produced in lacustrine and slow-flowing river environments, a characteristic that has proved to be useful to trace past riverine inputs in coastal sedimentary records. So far, their use in lacustrine settings is sparse as their controls are not well-known. Previous studies in two lakes have shown that long-chain diol distribution is linked to changes in temperature (in a small Spanish alpine lake), but also to water column stratification (in a large deep Swiss lake). To understand the controls on i) the presence of long-chain diols in lakes, and ii) the distribution of long-chain diol isomers, surface sediments from 52 Swiss lakes were studied. Long-chain diols are present in 57% of the lakes, and machine learning (i.e., random forest model) showed that their presence is mainly controlled by mean annual air temperature, sodium and potassium concentrations and area of the lakes. Long-chain diol isomer relative distribution seems to react to temperature, nutrient (here nitrate) and oxygen concentrations in the lakes. This new insight was tested on a short sedimentary core from Lake Zurich, and compared with other biomarker proxies (based on branched and isoprenoid glycerol dialkyl glycerol tetraethers), as well as with historical record of nutrient contents and temperature. Variations in the long-chain diol index (LDI) mirror measured temperature, but also reacted to changes in nutrients and oxygenation in the lake. This study highlights the potential of long-chain diols as a proxy to trace both nutrients and temperature in lakes, potentially on geological timescales.
Keywords: long-chain diols, GDGT, random forest, lake Zurich, Swiss lakes
1 INTRODUCTION
Long-chain diols are biomolecules ubiquitous in marine sediments (e.g., de Bar et al., 2020), that are biosynthesized by unicellular algae (Eustigmatophytes, Proboscia spp., Apedinella radians) (e.g., Volkman et al., 1999; Rampen et al., 2007; Rampen et al., 2014; Villanueva et al., 2014). In freshwater environments, long-chain diols have been detected in lakes and rivers, but their production seems to be limited to standing water with low current (Cranwell et al., 1987; Robinson et al., 1989; Xu et al., 2007; Shimokawara et al., 2010; Zhang et al., 2011; Romero-Viana et al., 2012; Rampen et al., 2014; 2014; Atwood et al., 2014; Villanueva et al., 2014; Zhang et al., 2015; Lattaud et al., 2018; van Bree et al., 2018; Häggi et al., 2019; Zhang et al., 2019; García-Alix et al., 2020; Wang et al., 2022). Their production is enhanced during period of lake stratification (van Bree et al., 2018; Lattaud et al., 2021). However, very few freshwater systems have been investigated (Rampen et al., 2014; Lattaud et al., 2021), and their ubiquity in lakes and rivers remains uncertain. The main long-chain diols detected in lakes are the C32 1,15-diol as well as the C30 1,15-diol. The latter is used in the long-chain diol index (LDI) proxy, which is the ratio of C30 1,15-diol over the C28 and C30 1,13-diols. LDI is correlated with sea surface temperature in the ocean (Rampen et al., 2012; de Bar et al., 2020). Long-chain diols have also been tested against lake temperature in lake surface sediments, and used to reconstruct Holocene lake temperature in a sedimentary record in a small lake from the southern Iberian Peninsula (García-Alix et al., 2020; Toney et al., 2020). However, other studies, in deeper larger lakes more globally distributed, did not find this relation with temperature (Rampen et al., 2014; Lattaud, et al., 2021). Instead of being a proxy for temperature, Lattaud et al. (2021) proposed that long-chain diol isomer distribution is controlled by thermal stratification in large lakes such as Lake Geneva (Switzerland). Long-chain diol production reveals two peaks during the stratification period of the lake water column: June and August/October. 18S rRNA analysis did not allow for the clear identification of the producer(s). Hence, it is possible that two communities of long-chain diols producers exist or that a unique producer biosynthesizes different long-chain diol isomers depending on environmental conditions. The lack of producer identification using 18S rRNA was also true for Balzano et al. (2018), although in the marine realm. In the culture of several eustigmatophytes, temperature of the media impacted long-chain diol distribution in a single species and across species (Rampen et al., 2014; Balzano et al., 2017). This indicates that long-chain diol distribution changes to both species temperature adaptation and community shift under temperature change are possible.
Nevertheless, long-chain diols have the potential to become a very useful proxy for continental paleoenvironmental studies. However, if long-chain diols are to become a useful proxy, we need to get study the ecological preferences and niches of their producers. Machine learning methods, such as random forest model, have the potential to unravel complex relationships between proxy and environmental parameters and give clues on which direction the community should take experimental approaches. Since long-chain diols are relatively novel proxies in lacustrine environments, this approach will help unravel complex relationships.
Unlike long-chain diols, that are fairly novel biomarker in continental settings, glycerol dialkyl glycerol tetraethers (i.e., GDGTs, either isoprenoids iso, or branched, br) are biomarkers commonly used with known constraints. BrGDGTs are biomarkers from the membrane of bacteria which are used to reconstruct mean annual air temperature, soil or water pH, but have also been linked to anoxia in lakes (e.g., Peterse et al., 2012; De Jonge et al., 2014; De Jonge et al., 2019; Halamka et al., 2021; Martin et al., 2019; Raberg et al., 2021; O’Beirne et al., 2023). IsoGDGTs are produced by Archaea, and can be used to reconstruct lake temperature if the lake studied is deep (e.g., Baxter et al., 2021; Sinninghe Damsté et al., 2022).
Here we propose to 1) test the presence of long-chain diols against common environmental parameters, and 2) the potential controls on isomer distribution in 52 Swiss lakes and in global lakes (from Rampen et al., 2014). A Random forest model was trained on the dataset to determine which environmental parameters explain their presence in the lakes. Statistical analyses were applied to understand long-chain diol isomer distribution. In addition, a short sediment core from Lake Zurich covering the last 100 years was investigated using long-chain diols and several glycerol dialkyl glycerol tetraether (GDGT)-based proxies, which were compared with instrumental records to assess their limits and accuracy in such environments. Long-chain diols are biomolecules easily analysed in polar fractions, and have the potential to become reliable proxies for reconstructing continental environmental parameters.
2 MATERIAL AND METHODS
2.1 Sites and sampling
Surface sediments (0–2 cm) from 52 Swiss lakes were sub-sampled from short gravity cores retrieved between 2011 and 2019 (Figure 1). The lakes have been chosen so they cover as much physico-chemical parameters as possible and represent the entirety of the Swiss lake diversity (See list in Table 1). All sediment samples have been freeze-dried before extraction (Martin et al., 2024 submitted to the same issue).
[image: Figure 1]FIGURE 1 | Lake surface sediments location used in this study, with colored dots for the concentration of the sum of long-chain diols, and black crosses indicate the lakes without long-chain diols. Lake Zurich is indicated with a red triangle.
TABLE 1 | Long-chain diol concentrations and proxy.
[image: Table 1]Lake Zurich is a Swiss pre-alpine, mesotrophic lake with a surface area of 67.3 km2, and a maximum depth of 136 m (Jankowski et al., 2006). The lake is divided in two by a moraine sill and the upper basin acts as a sediment trap for sediment brought by the Linth River. The lake is monomictic or dimictic depending on the prevailing winter conditions, but it recently tends to become oligomictic due to climate change (Livingstone, 2003; Friedrich et al., 2014; North et al., 2014). A weather station around Zurich Lake (SMA Zurich Fluntern 47°22.7′N; 8°33.9′E) was monitored since 1864 (Federal Office of Meteorology and Climatology MeteoSwiss, 2023) for air temperature and precipitation. Monitoring data and previous studies indicate that the lake was strongly eutrophic until the 1970s (Naeher et al., 2016), when phosphate concentration finally decreased (Bossard et al., 2001; Jankowski et al., 2006). The short sediment core studied (52 cm long) originates from the lower lake and was obtained in 2020 (ZH-20-11, N 47°16.995E 8° 35.624) with a gravity corer at the depth of 137 m. The upper 28 cm were laminated (Figure 2), while underneath turbidites intersect with laminated intervals. The upper section was sliced every centimeter and freeze-dried.
[image: Figure 2]FIGURE 2 | Lake Zurich sediment core ZH20-12 (A) age model based on varved count and comparison with ZH10-15 (Naeher et al., 2013).
2.2 Methods
2.2.1 Lipid extraction
An Accelerator Solvent Extractor (ASE) was used to extract lipids from the surface sediment (0.4–2.4 g dry weight) with dichloromethane (DCM): methanol (MeOH) (9: 1, v/v), as indicated in Martin et al. 2024 (submitted to the same Research Topic). Whereas 1–7 g of freeze-dried sediments from Lake Zurich have been extracted following Lattaud et al. (2021b) with an EDGE (CEM) using DCM: MeOH (9: 1, v/v). All total lipid extracts were saponified with 10 mL of potassium hydroxide (KOH) (1.5 M) and 10 mL of MilliQ for 2 h at 70°C (Lattaud, et al., 2021). 10 mL of MilliQ was added and the neutral fraction was liquid-liquid extracted with three times 10 mL of hexane, dried under N2. All extracts were separated on a silica gel column (activated for 3 h at 450°C and deactivated with 1% MilliQ) into three fractions of increasing polarity. The solvent were different for the surface sediments (hexane, DCM and MeOH) and Lake Zurich sediments (hexane, hexane: DCM (1: 1, v/v) and DCM: MeOH (1: 1, v/v)). The polar fraction was filtered using a polytetrafluoroethylene (PTFE) 0.45 µm pore size filter prior to analysis. Two internal standards were added to all polar fractions before analysis: C22 7,16-diol (Interbioscreen) to quantify the long-chain diols and the C46 GDGT (Huguet et al., 2006) to quantify the GDGTs.
2.2.2 Lipid analysis
Long-chain diols were quantified on a gas chromatograph (GC, Agilent 7890B) coupled to a mass spectrometer (MS, Agilent 5977B) equipped with a DB-5MS column (30 m × 0.25 mm, 0.25 μm film thickness). GC-MS analyses were done at Eawag Dübendorf, in the Department of Surface Waters Research and Management. The temperature regime for the GC-oven was as follows (Rampen et al., 2012): held at 70°C for 1 min, increased to 130°C at 20°C min−1, increased to 320°C at 4°C min−1, held at 320°C during 25 min. The flow of hydrogen was held constant at 2 mL min−1. The MS source temperature was held at 250°C and the MS quadrupole at 150°C. The electron impact ionization energy of the source was 70 eV. The long-chain diols were quantified on selected ion monitoring (SIM) mode using their specific ions m/z = 299.3 (C26 1.12, C28:1 1.14, C28 1.14), 313.3 (C28 1.13, C30 1.15), 327.3 (C28 1.12, C30:1 1.14, C30 1.14) and 341.3 (C30 1.13, C32 1.15) (Versteegh et al., 1997; Rampen et al., 2012). The internal standard was integrated on m/z= 187.2.
Long-chain diol index (LDI) [Eq. 1] is defined as follows (Rampen et al., 2012):
[image: image]
The temperature calibration tested is the one of Rampen et al. (2012), [Eq. 2], although it is only applied in marine settings (LT denotes lake temperature):
[image: image]
The GDGTs were analysed with high performance liquid chromatography (LC)/atmospheric pressure chemical ionization–mass spectrometry (MS) on an Agilent 1260 Infinity series LC-MS according to Hopmans et al. (2016). Selective ion monitoring of the [M + H]+ was used to detect and quantify the different GDGTs, according to Huguet et al. (2006), except that a similar response factor was assumed for the GDGTs and the internal standard. The tetraether index of 86 carbon atoms (TEX86) was calculated following Kim et al. (2010) [Eq. 3]:
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One temperature calibration was tested for the isoGDGTs ([Eq. 4] Tierney et al., 2010), and two for the brGDGTs using the MBT’5ME and reconstructing mean annual air temperature and mean temperature for the month above freezing MAF ([Eq. 5] MAAT (J. M. Russell et al., 2018); [Eq. 6] (Bauersachs et al., 2024). They have all been applied to lakes in previous studies, for [Eq.6] the isomer ratio IR6ME [Eq.8] was calculated to validate the temperature reconstruction.
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2.2.3 Age model Lake Zurich core
The upper (>28 cm) laminations (seasonal forming varves) alternate between a light, slightly brownish layer and a dark, brown-black layer, likely representing spring/summer and fall/winter, respectively (Naeher et al., 2013). The age model was based on varve counting and was crosschecked with previously published age models (Kelts, 1978; Naeher et al., 2013; Figure 2). The youngest turbidite records the year 1918. The average sedimentation rate in the varved section is approximately 0.29 cm yr−1, very similar to the 0.28 cm yr−1 calculated by (Naeher et al., 2013).
2.2.4 Environmental parameters and statistical analysis
All background data are described by Martin et al., 2024 (submitted in the same issue, Supplementary Table S1). All analysis have been done on Rstudio (4.3.1, R Core Team, 2023), all graphics were done using ggplot2 (Wickham, 2016), principal component analysis were done using the factoextra package and prcomp function (Kassambara and Mundt, 2020). Random forest analysis was done following Martin et al., 2024 (submitted in the same issue). Briefly, in order to elucidate which environmental parameters control the presence or absence of long-chain diols (all isomers summed), a random forest model was trained on the dataset using the randomForest package (Liaw and Wiener, 2002). As indicated by Martin et al., 2024 (submitted in the same issue), highly correlated parameters (|r| > 0.7) were removed such as elevation (as it correlates to air temperature), concentration in chlorine (Cl, correlating with sodium concentration, Na) concentration in calcium (Ca) (as it correlates with conductivity), total nitrogen (which correlates with concentration in nitrate) (Supplementary Table S2). Maximum depth was also removed due to its correlation to lake area. In addition, the model was tuned to select the best model parameters using 7-fold cross-validation. Accuracy, the number of correct predictions divided by total number of predictions, was used as the metric to evaluate the performance of the model. The best performance was obtained for a ntree = 7000 (Supplementary Figure S1A), and mtry = 3 (Supplementary Figure S1B). Accuracy, together with precision, the number of true positives divided by the total number of positive predictions, and specificity, which measures how well a machine learning model can detect true negative (true negative divided by true negative and false negative), were used to appreciate the model. Seven-fold cross-validation was performed to evaluate the model performance and the accuracy and importance were reported for each fold. Accumulated local effects (ALE) plots allow isolating the relationship of a given explanatory variable with the predicted outcome of the model (Molnar, 2020). They show the evolution of the prediction of the model across the range of values of each variable. ALE were obtained using the FeatureEffects() function from the R package iml (Molnar et al., 2018).
3 RESULTS
3.1 Long-chain diol concentration and distribution
Long-chain diols were detected in 30 out of 52 lake surface sediments (57% of the lakes, Figure 1A). In the surface sediments where long-chain diols were detected, the total concentration varies from 2.2 to 78.8 ng g−1 (Figure 1B). The main diols detected are the C30 1,15-diol (in average 30% ± 22%, with concentration varying from 0 to 16.4 ng g−1, Table 1) the C28 1,13-diol (33% ± 15%, 0%–57%), the C28 1,14-diol (12% ± 12%, 0%–53%), and the C32 1,15-diol (10% ± 14%, with concentration varying from 0 to 11 ng g−1, Table 1). The LDI [Eq. 1] varies from 0.11 to 0.69 (Table 1). To deconvolute the relation between long-chain diol isomers and environmental parameters in the lakes, a principal component analysis was performed (Figure 3A). On PC1 (explaining 38.6% of the variance), C30 1,13-diol loads positively, opposite to C30 1,15-diol. On PC2 (explaining 28.7% of the variance) C30 1,13- and C30 1,14-diols loads positively, opposite to C32 1,15-diol. On PC3 (explaining 22.4% of the variance), C30 1,15-diol loads positively.
[image: Figure 3]FIGURE 3 | (A) Results from the random forest model (variable importance), mean decrease accuracy and Gini from the 7-fold cross-validation (average and standard error) (B) ALE plots for the most important parameters. Principal component analysis of the fractional abundance of long-chain diols and selected environmental parameters in (C) Swiss lakes and (D) Swiss lakes and global lakes (Rampen et al., 2014). MAAT denotes mean annual air temperatures.
In the core from Lake Zurich, long-chain diols were detected throughout the upper part of the core (Figure 4A). Their distribution in the core can be divided into three zones: top and bottom (0–7 cm and 18–25 cm) with dominant C30 1.15- and C28 1,13-diols (40% ±11% and 40% ± 7%, respectively) and the middle of the core (8–17 cm) with the C32 1,15-diol dominating (38% ± 11%) (Figure 4B; Supplementary Table S3). Long-chain diol concentrations in the core are highly variable (0.4–126 ng g−1) and show a very large increase between 2009–2013 (Figure 4A). LDI varies from 0.28 to 0.65, higher in the first 3 cm (0.49–0.65) compared with the rest of the core (Figure 5C).
[image: Figure 4]FIGURE 4 | Figure 4: Long-chain diol (A) concentrations (the period 1930 to 2000 is inserted on a different y-scale) and (B) distributions in the short lake Zurich core.
[image: Figure 5]FIGURE 5 | Short sedimentary core record with (A) LDI and reconstructed temperature using the different biomarkers, light green rectangles indicate period of peak nitrate input and light blue of phosphate into the lake (Naeher et al., 2013; Yankova et al., 2017) (B) instrumental record of mean annual air temperature from the station Zurich Fluntern (47°22.7′N; 8°33.9′E; Federal Office of Meteorology and Climatology MeteoSwiss, 2023). And (C) comparison of LDI and measured MAAT.
3.2 GDGT concentration and distribution in the core
In the core, 17 brGDGTs were detected, to be noted is the presence of brGDGT-IIIa’’ identified by Weber et al. (2015). The tetra- and pentamethylated brGDGTs were dominant (av. 41.2% ± 4.3% and 40.9% ± 4.0%, respectively), with brGDGT-IIIa being the dominant one throughout the core (22% ± 5%), followed by brGDGT-IIIa’ (14% ± 4%), IIa (15% ± 4%) and IIa’ (15% ± 6%). The total brGDGT concentration varies from 23 to 860 ng g−1 (Supplementary Table S4). Their distribution changed very little throughout the core, except during 1990–1993 when there was an increased abundance of brGDGT-IIa’ compared to brGDGT-IIa. MBT’5ME values vary very little and average at 0.30 ± 0.05. IR6ME averages at 0.38 ± 0.10, and is twice above 0.5 in 2002 and 2009 (0.59 and 0.55, respectively, Supplementary Table S4).
Six isoGDGTs were quantified: isoGDGT-0 to 3, crenarchaeol and crenarchaeol isomer. Crenarchaeol (40% ± 10%) and isoGDGT-0 (40% ± 10%) are the dominant isoGDGTs in the core. Total concentration varies from 209 to 16,600 ng g−1 (Supplementary Table S4). TEX86 is invariant through the core at 0.31 ± 0.02 (Supplementary Table S4).
3.3 Statistical analysis
The random forest model trained on this dataset (using 12 environmental parameters) is better at predicting the presence (sensitivity 68%) than the absence (specificity 44%) of long-chain diols (Table 2). The average accuracy for the 7-fold cross validation analysis is 57% ± 4% (ave. ± standard error). The importance of each variable can be quantified by the mean decrease in accuracy (MDA, representing the loss of accuracy associated with the removal of a given explanatory variable) and the mean decrease in Gini (Gini, which measures the loss of purity of the nodes caused by the exclusion of a given variable). The environmental parameters with the highest MDA values are mean annual air temperature (MAAT) followed by the concentration in potassium (K), sodium (Na) and the area of the lake. The parameters with the highest Gini values are MAAT, K, Na, conductivity, and the lake area (Figure 3A). These results are stable across the folds of cross-validation.
TABLE 2 | Confusion matrix from the random forest model (accuracy = 61.5%).
[image: Table 2]ALE plots (that show the evolution of the probability of presence of long-chain diols) reveal a threshold for some parameters such as MAAT, K, and lake area with a higher chance of finding long-chain diols after a certain value (Figure 3B). Other parameters do not present neither threshold nor gradient but rather optimum/a: Na, conductivity and NO3−.
4 DISCUSSION
4.1 Environmental controls on the presence of long-chain diols in lake surface sediments
Only 57% of the lakes (n = 52) had long-chain diols (Figure 1A). The dominant long-chain diols in the Swiss lakes are the C28 1,13- and C30 1,15-diols (37% ± 16%, 32% ± 21%, respectively). This distribution is similar to that of Lake Geneva suspended particulate matter during the late summer productive season (Lattaud et al., 2021). Although the accuracy of the model is relatively low (61%), the results of the random forest model point to the dominant influence of temperature on the presence of long-chain diols in the Swiss lakes (Figure 3A). In particular, the probability of their occurrence increases above 10°C (Figure 3B). In the Swiss lakes, the frequency distribution plot confirms that long-chain diols are less frequent in lakes below 10°C than in those above (Supplementary Figure S2A). However, the low frequency of long-chain diols at temperatures below 10°C seems to be specific to Swiss lakes as cultures of pure eustigmatophytes have been found to grow at a large temperature range (8–20°; C, Rampen et al., 2014) and the global lake dataset (although not reporting the absence of long-chain diols in lakes) shows the presence of long-chain diols below 10°C.
In the Swiss lakes, Na+ and K+ average concentrations in the lakes where long-chain diols are present are significantly higher than in the lakes without (t-test p = 0.03 and p = 0.02, respectively; Kolmogorov-Smirnov test p = 0.85). K+ is an important ion for photosynthesising organisms such as green unicellular algae, hence it is not surprising that its presence is determinant for the presence of long-chain diols in lakes (Figure 3A). The probability of presence of long-chain diols is increased for concentrations above a threshold of 1 mg L−1 (Figure 3B). In addition, Na+ is also an important ion for long-chain diol presence, between concentration of 2.5 and 7 mg L−1 (Figures 3A,B). Usually, organisms maintain a low level of Na+ and a high level of K+ in their cells especially when dealing with environments with high Na+ concentration and high alkalinity (Li et al., 2023). In addition, Na+ increase can create a stress factor for green algae which biomass generally decreases (Shetty et al., 2019; Sinetova et al., 2021). The presence of long-chain diols in relation to conductivity shows higher probability at low conductivities probably reflecting the optima at low concentrations of K+, Na+ and other ions.
The area of the lakes (which is correlated with the depth of the lake, r = 0.71) has a high MDA and appears as an important parameter for long-chain diol occurrence (Figure 3A). Area and depth define a lake’s mixing model and its stratification state. In turn, they will define nutrient distribution in the lake’s water column.
The presence of several ranges of nitrate concentrations where the probability of presence of long-chain diol increases might be related to the adaptability of eustigmatophytes to different nutrient states. Considering only freshwater algae, long-chain diols with 28, 30 and 32 carbon atoms have so far only been found in pure culture of unicellular algae such as Eustigmatos, Vischeria and Nannochloropsis, part of the Eustigmatophycean genera (Volkman et al., 1992; Rampen et al., 2014; Kryvenda et al., 2018). A previous study in Lake Geneva (Switzerland) highlighted the potential for long-chain diols to be produced by yet uncultured eustigmatophytes (Lattaud et al., 2021). Not much is known about eustigmatophytes in natural freshwater environments, only that Eustigmatophyceae can grow on a wide variety of nitrogen source (Santos, 1996) and can be photo and heterotroph (Santos, 1996; Marudhupandi et al., 2016). Moreover, Nannochloropsis spp. can be present in high abundance and can represent the majority of the primary production of inland lakes and ponds of different trophic state (Krienitz et al., 2000; Fietz et al., 2005; Fawley and Fawley, 2007; Fawley et al., 2014). However, nutrient levels do not seem to be important parameters for the presence of long-chain diols in the model (Figure 3A).
In summary, long-chain diol presence seems to be mainly controlled by the temperature of the lake and its ion composition. However, as this model was trained on a limited dataset, more lakes with their biogeochemical parameters should be added to increase its reliability and accuracy.
4.2 Environmental controls on the distribution of long-chain diol isomers in lake surface sediments
A Principal Component Analysis (PCA) was performed on the long-chain diol isomer distribution to assess their variation, selected environmental variables were added to identify the controls of isomer distribution (Figure 3C). On PC1, C30 1,13-diol loads positively opposite to C30 1,15-diol. This relation is similar to that observed in marine environments where C30 1,15-diol fractional abundance is positively correlated to temperature (e.g., de Bar et al., 2020). However, in this lake dataset, although temperature also loads on PC1, it is to the opposite of C30 1,15-diol. This is a major difference between lake and marine realm (Rampen et al., 2012) and might impact the applicability of the temperature proxy LDI as it is now defined. However, it is to be noted that the PC1 and PC2 only explained 67.3% of the variance. Temperature effect on isomer distribution was shown in pure culture before (Rampen et al., 2014), and linked to membrane adaptability to temperature change, but not in a classical way with increased unsaturation at lower temperatures (e.g., Russell and Fukunaga, 1990; Suutari and Laakso, 1994), eustigmatophytes may have adopted other methods to adapt their lipid composition to temperature (Rampen et al., 2014). In the PCA including global lakes (lakes from Rampen et al., 2014), the relation between the isomers is the same (Figure 3D). On PC1 (explaining 48.5% of the variance) temperature is again loading close to C30 1,13-diol confirming the relationship between long-chain diol isomer and temperature in lakes.
Aside from temperature, the concentration in nitrate (NO3−) loads negatively on PC1, close to the C30 1,15-diol. Nitrate concentration might be an additional control on the distribution of long-chain diol isomers. Nutrient concentration (for example, nitrate) could control the presence of specific long-chain diol producers (which would produce more C30 1,15-diol). In pure eustigmatophyte culture, nitrite depletion has been found to decrease the amount of C32 1,15-diol (Balzano et al., 2017) highlighting the possibility for eustigmatophyte to change their long-chain diol composition depending on nutrient state. Increased amounts of C30 1,15-diol are observed in Lake Murten and Moos where large amounts of nitrate are present (>2 mg L−1).
On PC2 (Figure 3A), C28 1,13-diol, pH and oxygen concentration load positively, opposite to the C32 1,15-diol. pH and oxygen concentration can be linked to the presence of a chemocline and potential stratification in the lakes. Previous studies have found that stratification is likely enhancing the production of some long-chain diol isomers, in particular C32 1,15-diol (Lattaud et al., 2021). In pure culture of eustigmatophytes, oxidative stress in the form of hydrogen peroxide adjunct resulted in a general decrease of long-chain diol concentration but without changing the long-chain diol isomer distribution (Balzano et al., 2017). Hence, the increased proportion of C32 1,15-diol under stratification change might be linked to species change rather than species adaptation.
Hence, temperature seems to control not only the long-chain diol presence but also the distribution of the C30 1,15- and C30 1,13-diol isomers, making them potentially great paleothermometers. Several other environmental factors such as variation in nitrate and oxygen concentrations, and pH seem to influence the other isomers, i.e., C28 1,13- and C32 1,15-diols. The latter parameters do not show any impact on the probability of presence of long-chain diols. We tested these relations in the upper section (27 cm long) of a short sedimentary core from Lake Zurich covering instrumental data.
4.3 Environmental controls on sedimentary long-chain diols
Following the results from the surface sediments, this study looked at the presence of long-chain diols and their link with mean annual air temperature using the previously known relationship in marine settings (e.g., Rampen et al., 2012; de Bar et al., 2020). Long-chain diol distribution, LDI, and LDI-reconstructed temperatures are then compared with instrumental air temperatures. The region of Zurich (Switzerland) has been monitored for temperature since 1864 (Federal Office of Meteorology and Climatology MeteoSwiss, 2023; Supplementary Table S5). The last 40 years show a gradual increase in mean annual air temperatures (reaching 15.4°C in 2020, Figure 5B), that reflects anthropogenic climatic change also recorded in the rest of the globe. During the period covered by the record (1930–2020), LDI and measured temperatures show a moderate but significant correlation (r = 0.56, p < 0.05, n = 27, Figure 5C) indicating the potential for LDI to track changes in air temperature. In particular, the warm period between 1940 and 1955, is recorded by the LDI (Figure 5A). However, during some specific periods, LDI and LDI-reconstructed temperatures are not correlating with recorded temperatures (see deviation from correlation in Figure 5C). For example, during the most recent years (2008 onward, n = 4) when LDI-reconstructed temperatures are increasing much faster than measured temperatures. This is also a period of higher long-chain diol concentrations with enhanced proportions of the C30 1,15- and C28 1,13-diols (Figure 4A). These long-chain diols have been found to be indicative of lower temperature and increased nitrate concentration for the C30 1,15-diol and oxygen and pH increase for the C28 1,13-diol. However, Lake Zurich surface waters are warmer and less oxygenated since 1950 (Naeher et al., 2013; Yankova et al., 2017). Nitrate concentrations are higher in the surface waters since 2005 (Yankova et al., 2017), which might explain the high proportion of C30 1,15-diol. In addition, there is a decrease in phosphate concentration and a reduction of spring mixing of the water column in Lake Zurich resulting in a decrease of diatom blooms since 2000 (Yankova et al., 2017). This could free niches for the long-chain diol producers, specifically for C30 1,15- and C28 1,13-diol producers disregarding environmental conditions. In conclusion, this recent deviation from recorded air temperature is likely coming from a change in nitrate concentration of the surface waters and likely decrease of competition.
Another period deviates from the recorded temperature, between 1970 and 1983, when the LDI-reconstructed temperatures are lower than expected (Figures 5A,B). During this period, there is a change in the distribution of long-chain diol isomers with an enhanced proportion and concentration of C32 1,15- and C30 1,13-diol in the sediment (from av. 12% ± 6% and 5% ± 2% before 1970 to av. 38% ± 11% and 12% ± 5% between 1970–1983, respectively, Figure 4B). A change in nutrient concentration (in particular nitrate) driven by recorded historical maximum nutrient input from agriculture occurred during that period (e.g., Naeher et al., 2013; Yankova et al., 2017; Fiskal et al., 2019). Nitrate inputs can change the proportion of C30 1,15-diol over C30 1,13-diol, affecting the LDI-temperature reconstructions. The enhanced nutrient input drove an enhanced stratification in the lake and the apparition of bottom water anoxia (Naeher et al., 2013) but also less oxygen in surface waters (Yankova et al., 2017). This change in oxygen concentration can explain the change in fractional abundance and absolute concentration of C32 1,15-diol. Long-chain diol isomers seem to degrade at a similar rate in natural marine environment and in aerobic and anaerobic experiments (Grossi et al., 2001; Rodrigo-Gámiz et al., 2016; Reiche et al., 2018). Hence differential degradation cannot explain the different proportion of the isomers. Long-chain diol distribution change could be explained by a community shift driven by a change in nutrients in the lake, similar to what has been observed in Lake Geneva during the two long-chain diol productive seasons. In Lake Geneva, observed change in long-chain diol distribution can likely be explained by a shift in producers (Lattaud et al., 2021).
In comparison to LDI-reconstructed temperatures, temperatures reconstructed with other biomarkers such as branched (br) or isoprenoid (iso) GDGTs do not record the early 1940–1955 warming (Figure 5A). Positively, the br and iso GDGT-reconstructed temperatures do not react to changes in nutrient concentration. However, all br and iso GDGT-based temperature reconstructions suggest colder than measured mean air temperatures (Figure 5A). Finally, in the latest years of the record (after 2000), GDGT-reconstructed temperatures are not following the measured air temperature, similarly to LDI-reconstructed temperature. The post-2000 years are a period of enhanced concentrations in br and isoGDGTs. High concentrations and fractional abundance in crenarchaeol (0.4 ± 0.1 throughout the core) might indicate the presence of Thaumarchaeota living below the thermocline (Sinninghe Damsté et al., 2022). This is in agreement with low and stable TEX86 (0.31 ± 0.02) reconstructing below-thermocline temperatures ([Eq. 4] 8.65 ± 0.49°C) similar to the temperature measured below the thermocline, which remained stable throughout the considered period (e.g., Yankova et al., 2017). At least part of the brGDGTs are produced in situ in the lake as indicated by the presence of brGDGT-IIIa’’ (Weber et al., 2015), in addition to potential soil-derived brGDGT inputs (e.g., Weijers et al., 2009). The 6-methyl isomer ratio (IR6ME), which can be used as a quality control for the use of MBT’5ME for temperature reconstruction in European lakes, remains below cutoff for most of the core, indicating that temperature should be reconstructed accurately (Bauersachs et al., 2024). However, large variation in oxygen concentration can affect brGDGT-reconstructed temperatures and might explain why temperature reconstructions are not following measured temperatures in this record (Halamka et al., 2021; O’Beirne et al., 2023; Wu et al., 2021). In addition, changes in brGDGT source proportion lined with growing agriculture around the lake, enhancing soil inpus in the lake, could bias the temperature reconstruction (Martin et al., 2019)
In summary, reconstructing lake temperature using long-chain diols can be possible, although clear knowledge of nutrients, and/or oxygen concentration change is needed. In addition, it is necessary to either refine or develop a new LDI index that would exclude long-chain diols affected by other biogeochemical parameters.
5 CONCLUSION
Long-chain diols were studied in 52 Swiss lake surface sediments and one short lake sediment core (Lake Zurich). The environmental parameters influencing their presence were tested using random forest modelling, highlighting the control of temperature, sodium, and potassium, with a threshold of 10°C for temperature (which might be a regional specificity). The isomer distribution is linked to temperature, nitrate concentration, oxygen and pH. In the short core, long-chain diols show a good correlation with recorded temperature. However, periods of enhanced agriculture-driven nutrients and enhanced de-oxygenation modify this relation. In conclusion, long-chain diols are a great potential paleothermometer when nutrient levels are stable, while they hold the key to obtain nutrient and oxygenation records when those vary greatly. More studies of presence/absence of long-chain diols in lakes in parallel with biogeochemical lake parameter measurements are needed to fully develop strong long-chain diol proxies.
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