Influences of sea level changes and the South Asian Monsoon on the southern Red Sea oceanography over the last 30 ka
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Ecological interpretation of the faunal associations in core FA09 and their relation with the South Asian Monsoon System

Factor 1: The strong representation of Gs. ruber and T. sacculifer has been related to high tolerances of the high temperatures and salinities of Red Sea surface waters (Fenton et al., 2000; Trommer et al., 2010). Globigerinella spp  is also indicative of warm conditions (Fenton et al., 2000) while Gs. tenellus and G. rubescens have been found to follow the trends of Gs. ruber in the NWArS (Conan and Brummer, 2000; Schiebel et al., 2004) suggesting that these species prefer similar temperature and salinity conditions. The association of these five species points out the establishment of rather warm and saline surface waters; most likely related with the RSSW layer which is today the warmest and saltiest layer in the Red Sea circulation system (Sofianos and Johns, 2015). At the same time, Globigerinita glutinata together with neogloboquadrinids have been found in increased numbers in the southern sector of the Red Sea associated with nutrient rich GAIW intrusions under a dominant summer three-layered water exchange pattern between the GoA and the southern Red Sea (Auras-Schudnagies et al., 1989; Siccha et al., 2009). Based on the above, high positive FS1 values suggest the development of a dominant three-layered exchange mode between the southern Red Sea and GoA and consequently an enhanced SWM is inferred. At the core location, the period of dominant FS1 values correspond to the early and middle phases of the Holocene when sea level was high enough and the insolation index was at maximum values as discussed in the manuscript (Fig. 3c, 5a, 5b in the manuscript).

Factor 2: The species associated to this factor are predominantly intermediate depth dwellers, in environments of elevated productivity and relatively low/moderate salinity (Be and Tolderlund, 1971; Pujol and Vergnaud-Grazzini, 1995; Schiebel and Hemleben, 2017). In particular, G. bulloides is typical of regions of increased coastal productivity (Thiede, 1975; Overpeck et al., 1996; Siccha et al., 2009), and is associated with enhanced upwelling and high chlorophyll a concentrations (Kroon and Ganssen, 1989; Schiebel et al., 2004; Schiebel and Hemleben, 2017). During the progress of NWArS upwelling, neogloboquadrinids and G. menardii, which thrive deeper in the water column, appear in high abundance at the early stage while G. bulloides appears to dominate during the final stage (Kroon and Ganssen, 1989) and/or during the whole upwelling season (Schiebel et al., 2004). Today, G. bulloides along with neogloboquadrins and G. menardii thrive in the southern sector of the Red Sea (Auras‐Schudnagies et al., 1989; Siccha et al., 2009) reflecting the influence of the intrusions from GoA and NWArS where upwelling develops during the SWM season (Conan and Brummer, 2000; Peeters et al., 2002; Gittings et al., 2017). Therefore, high positive FS2 values imply the development of highly productive waters which result from the advection of deep, nutrient-rich waters of moderate salinity to the surface (local upwelling) and/or as the inflows from the GoA and NWArS upwelling areas that reach the southern Red Sea during periods of strong SWM winds. At the core location, these conditions prevailed from the onset of the late glacial until the middle Holocene and broadly followed the trend of the insolation index (Fig. 3d, 5b in the manuscript).

Factor 3: Or. universa and H. pelagica are reported as carnivorous species favoring warm waters while T. quinqueloba is a herbivorous-opportunistic species and favors rather cool and low salinity waters (Rohling et al., 1993; Pujol and Vergnaud-Grazzini, 1995; Schiebel and Hemleben, 2017). H. pelagica and Or. universa appear to accept the highest ratios of phytoplankton prey among these planktic foraminiferal species and T. quinqueloba prefers high fertility waters (Schiebel and Hemleben, 2017). Therefore, diet preferences and food availability seem to be a major control on the abundance of these three species.

Asahi and Takahashi (2007) studied planktic foraminiferal fluxes for 9 years in the central subarctic Paciﬁc Ocean and reported that T. quinqueloba and Or. universa prefer regions with relatively low diatom ﬂuxes. In the case of FA09, the weak correlation between these two species with G. glutinata (Supplementary file 3), which feeds almost exclusively on diatoms (Schiebel and Hemleben, 2017 and references therein), further supports the above argument. According to Pourmand et al. (2007), during the last 30 ka, diatom fluxes were decreased at times of strong NEM in the NWArS. Additionally, the studies of Baars et al. (1995) and Wiebinga et al. (1997) revealed that today heterotrophic flagellates dominate the phytoplankton structure during NEM season at GoA and NWArS, while diatoms seem to prevail during the SWM period (Pearman et al., 2016, 2017). Therefore it is most likely that periods of enhanced NEM would cause the depletion of diatom fluxes in the Farasan banks.

Based on the above, factor 3 most probably indicates periods of low diatoms fluxes – possibly associated with strengthening of the NEM system. Our suggestion is in agreement with the findings of Conan and Brummer, (2000) and Peeters and Brummer (2002) who associated H. pelagica and Or. universa with NEM development in the NWArS. At the core location these conditions prevail mostly at the mid-to- late Holocene where the insolation index declines and favors the strengthening of the NEM winds (Fig. 3e, 5b in the manuscript).
 
Factor 4: The three associated species (Gs. conglobatus, Gs. ruber and G. menardii) are reported to tolerate wide temperature and salinity ranges; however, they prefer warm sea water conditions of low to moderate productivity (Be and Tolderlund, 1971; Bijma et al., 1990; Hilbrecht, 1996; Schiebel and Hemleben, 2017). Gs. ruber is a shallow epipelagic dweller whereas Gs. conglobatus and G. menardii thrive in the deeper euphotic zone, down to 200 m (Hemleben et al., 1989; Hilbrecht, 1996; Schiebel and Hemleben, 2017).

Today, G. menardii has been observed in NWArS during both monsoon seasons (Conan and Brummer, 2000; Peeters and Brummer, 2002). On the other hand, Gs. conglobatus and Gs. ruber which prefer more oligotrophic conditions, thrive in the NWArS only during NEM season (Duplessy et al., 1981; Conan and Brummer, 2000; Schiebel et al., 2004; Seears et al., 2012). In addition, the dominant presence of the deep dwellers (Gs. conglobatus and G. menardii) suggests an efficient ventilation of the water column down to the base of the euphotic zone. In the Red and Arabian Seas, this process has been associated with weakening of the oxygen minimum zone (OMZ) under enhanced NEM circulation (Reichart et al., 1998; Edelman-Furstenberg et al., 2009; Gaye et al., 2018). Hence, it is more plausible that the planktic assemblages of factor 4 in the southern Red Sea indicate intrusions of warm, low productivity waters from the oligotrophic NWArS during periods of enhanced NEM winds. At the core location, these conditions are mostly observed during the glacial section along with low insolation intensity (Fig. 3f, 5b in the manuscript).  
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