Controls on alkenone unsaturation ratios along the salinity gradient between the open ocean and the Baltic Sea
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Abstract
Alkenone unsaturation ratios of sedimentary lipids are used as a geochemical proxy for sea surface temperatures, and interest is growing in their potential as indicators of different water masses and possibly of salinity. We analyzed the abundance of unsaturated C37 to C38 ketones in lipid extracts of 57 surface sediment (0–1 cm) samples along a salinity gradient from 8 to 33 psu in the transition from the Skagerrak to the Baltic Sea (NW Europe). In addition to surface sediments, we analyzed alkenones in suspended particulate matter at 13 stations—over a gradient in salinity from 25 to 33 psu—during a bloom of the coccolithophore Emiliania huxleyi. Alkenones were detected in all samples (suspended matter and sediment) with variable contributions of the tetra-unsaturated C37 alkenone compound (%C37:4; range from 2 to 10% of total C37 alkenone content). Comparing the alkenone unsaturation index (U37K′) and %C37:4 data to climatological sea surface temperature and sea surface salinity data sets revealed that SST estimated from U37K′ of saline end members (samples from the Skagerrak) is in the general range of modern SST during bloom periods of haptophytes. At salinities below ∼30 psu %C37:4 increases to above 5% and the unsaturation ratios cease to be related to climatological annual or seasonal sea surface temperatures. On the other hand, the %C37:4 appears to be inversely and significantly correlated to salinity: Highest C37:4 proportions in the inner Baltic Sea are caused by an unidentified organism, but in the transition area at salinities down to 10 psu, the producer apparently is E. huxleyi. The suspended matter data together with those from the water column support the hypothesis of changing biosynthesis of alkenones under salt stress by the coccolithophore E. huxleyi, but constrain the maximum of %C37:4 attributable to salt stress to 10% of all C37 alkenones.
Introduction
Since the establishment of alkenone unsaturation ratios as proxy indicators of sea surface temperatures (e.g., Marlowe et al., 1984; Brassell et al., 1986; Prahl and Wakeham, 1987; Volkman et al., 1995; Müller et al., 1998), significant efforts have been made to find the principles which govern the contribution of the tetra-unsaturated 37-carbon methyl alkenone (C37:4) to total C37 alkenone concentrations (expressed as %C37:4). The original U37K index was based on the relative abundance of diunsaturated (C37:2), triunsaturated (C37:3) and tetra-unsaturated (C37:4) alkenones (Brassell et al., 1986) in a sample. 
Because the C37:4 alkenone is rarely detected in open sea sediments from low and mid latitudes, only the C37 alkenones with three and two unsaturations are usually considered for the calculation of the SST (Prahl and Wakeham, 1987): 
In this form it is widely applied as a proxy to reconstruct past sea surface temperatures (SST) in paleoceanographic studies of marine environments, using diverse calibrations to temperature based either on culture experiments (Prahl and Wakeham, 1987; Prahl et al., 1988; Volkman et al., 1995; Sawada et al., 1996), on calibration of core-top sediment ratios to climatological atlases (Sikes et al., 1991; Rosell-Melé et al., 1995; Pelejero and Grimalt, 1997; Sonzogni et al 1997a, Sonzogni et al 1997b; Müller et al., 1998; Ternois et al., 2000), or by comparison of ratios in particulate matter (Prahl and Wakeham, 1987; Sikes et al., 1997; Gonńi et al., 2001; Sicre et al., 2002; Harada et al., 2003) to ambient temperature.
Complications with U37K′ were found in the Nordic Seas (Rosell-Melé et al 1995, Rosell-Melé et al 1998, Rosell-Melé et al 2002; Bendle, 2003; Bendle and Rosell-Melé, 2004) and in some continental margin environments with significantly reduced salinity (Freeman and Wakeham, 1992; Conte et al., 1994; Ficken and Farrimond, 1995; Schulz et al., 2000; Bendle, 2003). Here the relationship of U37K′ to SST is either nonlinear or absent altogether, accompanied by an invariably high contribution of %C37:4. Rosell-Melé (1998), Rosell-Melé et al. (2002), and Sicre et al. (2002) suggested that salinity may have an influence on %C37:4 in the North Atlantic. However, the slope of the salinity to %C37:4 relationship of both suspended matter and surface sediment in the ocean varies widely, and all evidence suggests that there is no globally applicable linear relationship between %C37:4 and salinity (Bendle, 2003). Several studies suggest that elevated %C37:4 in continental margin environments may be an indicator for alkenone contributions from nonmarine haptophytes, or from genetically distinct populations of marginal marine taxa (Conte et al., 1998; Schulz et al., 2000; Bendle and Rosell-Melé, 2004)
The aim of the present study was to investigate alkenone unsaturation patterns in surface sediments along a salinity gradient from marine conditions in the Skagerrak (33 psu) to the brackish conditions of the western Baltic Sea (8 psu). The area is especially well suited to investigate links between salinity and alkenone ratios, because the regional variability in SST is small, whereas variability in salinity is large. To examine relationship between salinity and temperature and alkenone unsaturation, and to explore the reasons for changing alkenone patterns, we analyzed alkenones in 57 surface sediment samples in an area for which a highly resolved climatological database on conditions in the water column exists (Janssen et al., 1999). The transition between the brackish Baltic Sea and the open ocean has steep salinity gradients that express mixing ratios of fresh water with marine water, and thus may also be conducive to conservative mixing of different haptophyte populations—a marine population of Emiliania huxleyi and an unidentified Baltic Sea population with affinity to brackish or fresh water (Schulz et al., 2000). Massive blooms of E. huxleyi occur in the Skagerrak and Kattegat and we also analyzed alkenone unsaturation patterns in suspended matter samples of a large bloom of E. huxleyi that we were able to sample in June 2004. The data allow us to evaluate different hypotheses for changes in alkenone unsaturation ratios in continental margin settings, and serve as a control on the utility of alkenone unsaturation ratios as a proxy for past SST in the area.
Section snippets
Oceanographic setting
The Baltic Sea is a land-locked epicontinental brackish water body with an estuarine circulation system. The excess freshwater inflow from rivers causes low-salinity surface water outflow from the Baltic Sea through the Danish straits (Sound and Belt Sea) and Kattegat to the Skagerrak/North Sea (Fig. 1A). The outflowing Baltic forms a brackish surface layer in the transition area with salinity increasing to 25–30 at the Skagerrak border due to mixing with saline bottom water. Saline Skagerrak
Sediment and Suspended Matter Sampling
Surface sediment was collected using box-corer and multicorer during three cruises of R/V Prof. Albrecht Penck (September 1998), R/V Alkor (May 2000) and R/V Poseidon (January 2002) (Fig. 1B). Sampling locations of surface sediments are given in Table 1. For this work we used only the surface layer (0–1 cm) of the cores, which were stored in aluminium boxes at −20°C until analysis.
During the cruise 40/04/13 of R/V Prof. Albrecht Penck in June 2004, we filtered 13 samples from collected from the 
Alkenone Properties of a Coccolithophore Bloom
The Skagerrak and adjacent areas are known as sites of massive blooms of the coccolithophore E. huxleyi. The first reports of such blooms and associated milky-turquoise waters came from fjords on the western coast of Norway (Birkenes and Braarud, 1952; Berge, 1962) and were later described from the North Sea and Skagerrak (Holligan et al., 1989; van der Wal et al., 1995; Siegel and Gerth, 2000). These blooms occur usually in early summer and are thought to be triggered by low phosphate
Conclusions
Suspended matter sampled during a coccolithophore bloom and surface sediments in the transition from the Baltic Sea to the open North Atlantic Ocean provide data that constrain the variability of alkenone unsaturation ratios of marine haptophytes under changed environmental conditions. Both composition of alkenones and the direct evidence from the bloom strongly suggest that E. huxleyi is the organism responsible for alkenones in the new sample set. The suspended matter data do show some
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