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10 Abstract

11 Paleoclimatic evolution of the last 140 ka (Marine Isotopic Stages MIS 1 to MIS 5) in the South 

12 Bay of Biscay has been studied by considering changes of microfossils from sediment samples of 

13 deep core PP10-17. This core was retrieved at 2882 meters water depth (mwd) in the Landas 

14 Plateau and is formed by 1792 cm of clay-silt continuously deposited sediment. A subset of 114 

15 samples has been used for this study, yielding more than 62 thousands of specimens of 

16 foraminifers (181 benthic species, BF) and ostracods (70 spp.). Benthic response is based on 

17 main foraminifer and ostracod species by considering the oxic character and other ecological 

18 features of the assemblages. Detailed quantification of microfossils (planktonic and benthic 

19 foraminifers, ostracods) besides sedimentological and geochemical data (granulometry, magnetic 

20 susceptibility) allow us to characterize many of the climatic events registered in this core. Based 

21 on a solid chronostratigraphy by correlation with reference cores MD95-2042 (estimation of SST, 

22 sea surface T) and GICC05modelext-NGRIP 1,2 (ice core, atmospheric signal), detailed 

23 responses of benthics to cooling/warming, oxygen-content and productivity cycles have been 

24 proposed. MIS 5 was characterized by oscillations of the oceanity index (OI; 60-90); this index was 

25 higher (90-100) and stable through the MIS 4-MIS 3 intervals. We found BF species indicators of 

26 different climatic-related events. Thus, MIS 5 interglacials are evidenced by Bulimina gibba and B. 

27 aculeata while the stadials MIS 5b, d are shown by the occurrence of Melonis pompilioides. The 

28 Heinrich events H, when there were strong iceberg discharges into the N Atlantic Ocean, are 

29 indicated by Globobulimina affinis, particularly during the MIS 4 to MIS 2 interval. The beginning of 

30 MIS 4 is indicated by the entrance of new species of BF and a shift of Cassidulina laevigata. Krithe 

31 spp. and C. laevigata are good indicators of cold intervals of the LGM (Last Glacial Maximum, 19-

32 23 ka) when decreased the OI. Minor cooling periods as YD (Younger Dryas, around 12-13 ka) 

33 are shown as well by a shift of M. pompilioides, similar to that of the MIS 5d stadial. The Holocene 

34 (11.5 ka to present) is marked by the increase of the oceanity index, disappearance of cold-water 
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35 indicators and the occurrence of Uvigerina peregrina. A shallow infaunal microhabitat of benthics 

36 foraminifers (Cibicides, Cassidulina, Uvigerina) and ostracods (Krithe, Argilloecia) was related with 

37 favorable bottom conditions, with oxic to slightly suboxic and relatively ventilated bottoms (high 

38 diversity and equitability of assemblages) reflecting active AMOC during many D/O interstadials. 

39 The opposite conditions were established for deep infaunal BF (Bulimina, Globobulimina) where 

40 the strong dysoxic bottom conditions were indicative of low ventilation produced by reduced or 

41 shutdown of the AMOC, mostly during Heinrich stadials.

42 Key-words: Paleoclimatology, foraminifers, ostracods, benthic response, MIS 1-MIS 5, Bay of 

43 Biscay

44 1. Introduction
45

46 The relationship between paleoceanography and paleoclimatology has largely been established in 

47 the comparative study of biological and bio-geochemical proxies evaluating the different 

48 responses of the sea surface and the deep sea to the atmospheric fluctuations (e.g. Cronin, 2009 

49 and references therein; Povea et al., 2016). Though imperfect, the deep-sea benthic foraminifera 

50 oxygen isotope is the best stratigraphic reference to the study of glacial-interglacial changes 

51 (Tzedakis et al., 2009).

52 Taking the Atlantic Ocean as a model, the rapid alternation of warm (interstadials) and cold 

53 (stadials) intervals have been proposed as characteristic climatic oscillations during the last glacial 

54 cycle (Lisiecki and Raymo, 2005), and climatic connections with the Atlantic have been described 

55 for the Mediterranean (Cacho et al., 1999; Moreno et al., 2007). Though the cold Heinrich stadials 

56 (HS) and warm Dansgaard-Oeschger (D/O) events are reasonably known in particular to the MIS 

57 3 (Sierro et al., 2005; Naughton et al., 2009, 2016), the details about thermal trends are yet in 

58 discussion (Long and Stoy, 2013). Rapid climate variability in N Atlantic represented by the 

59 alternation of cold and warm phases has been linked to significant changes in the strength of the 

60 AMOC (Atlantic Meridional Overturning Circulation), but particular behavior during D/O 

61 interstadials inside the Heinrich events were associated with overturning circulation rapidly 

62 transmitted across the Atlantic (Gottschalk et al., 2015).

63 On the other hand, the benthic response to these rapid climatic changes has been evaluated in 

64 several works for the deep N Atlantic (Baas et al., 1998; Cronin et al., 1999, 2000; Rasmussen et 

65 al., 2002; Yasuhara et al., 2008; Hoogakker et al., 2015, 2016; Grunert et al., 2015), and in the 

66 Bay of Biscay mostly relative to shelf environments during the Marine Isotope Stage MIS 3 to 

67 Holocene (Pascual et al., 2008; García et al., 2013; Martinez-Garcia et al., 2013, 2014, 2015).

68 Recent deep benthic foraminifer distribution is well known in the area of the Bay of Biscay (Caralp 

69 et al., 1968; Pujos-Lamy, 1973, 1984). Deep benthic foraminifer distribution is influenced by 
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70 organic carbon flux, bottom currents and grain size, oxygen content and carbonate saturation of 

71 sediment (Mackensen et al., 1995; Jorissen et al., 2007). The relationship between opportunistic 

72 benthic foraminifers and primary production and oxygen content was analysed in several transects 

73 from the shelf to the bathyal Bay of Biscay by Fontanier et al. (2002, 2003, 2006) and Mojtahid et 

74 al. (2010). These authors monitored changes in the benthic microhabitat responding to the trophic 

75 conditions of the water-sediment interface following the TROX-model (TRopic conditions and 

76 OXigen concentrations) of Jorissen et al. (1995). 

77 Several aspects of the paleoceanography of the Bay of Biscay have been previously considered. 

78 Zaragosi et al. (2001) considered surface and deep conditions in the Meriadzek Terrace. The Last 

79 Glacial Maximum (LGM) was characterized by a gradual warming with at least two pulses of the 

80 North Atlantic Drift (NAD) that finally lead to the collapse of Heinrich event H1.

81 Naughton et al. (2009, 2016) characterized the Heinrich events (H4 to H1) in NW Iberia comparing 

82 marine and terrestrial records. The robust chronostratigraphic framework allowed the authors 

83 revealing the complex nature of H1, describing detailed cooling/warming trends. Sanchez Goñi et 

84 al. (2013) described the MIS 5a-4 transition in N Atlantic with three cold events (C20, C19, C18; 

85 80-70 ka BP). The thermal gradient between sea surface temperatures (SST) and air temperature 

86 (warm surface ocean in the W European marginal areas) resulted in increased input of humidity 

87 that fed the continental ice sheets in the North Atlantic.

88 The aim of this study is to provide with new evidence of deep-sea benthic response to rapid 

89 climate changes produced during the last glacial cycle, based on detailed new data of benthic 

90 foraminifers and ostracods completed with sedimentary analyses in a bathyal settlement in the SE 

91 Bay of Biscay.

92

93 1.1. Environmental setting 

94

95 Surface circulation in the Bay of Biscay is characterized today by a general oceanic current formed 

96 by anticyclonic ENACW (Eastern North Atlantic Central Water) (Koutsikopoulos and Le Cann, 

97 1996) and proximally by the Iberian Poleward Current (IPC), with a strong seasonal component 

98 counter-clock winter slope current (Durrieu de Madron et al. 1999; Fig. 1). In the southern area 

99 surface water circulation is mainly induced by winds and water density variations produced by 

100 freshwater runoff from French and Spanish rivers (Koutsikopoulos and Le Cann, 1996; Ferrer et 

101 al., 2009), finally producing seasonal oscillations in salinity and nutrient discharges in surface 

102 waters (Puillat et al. 2004). Inceptions of IPC current into the Bay of Biscay have been correlated 

103 to negative NAO (North Atlantic Oscillation) phases (Decastro et al. 2011). 

104 Main water masses in the Bay of Biscay are AABW (Antarctic Bottom Water; >3000 mwd), 

105 NEADW (North East Atlantic Deep Water; 3000-1300 mwd), the high-saline MOW (Mediterranean 
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106 Outflow Water; 1300-700 mwd) and the ENACW (East North Atlantic Central Water; <700 mwd) 

107 (van Aken 2000a,b, 2001). Core of this study is located in the lower NEADW.

108

109 2. Material and methods
110 2.1. Core PP10-17

111 Data for this work come from core PP10-17, of the SARGASS oceanographic cruise, retrieved in 

112 2010 at 2880 mwd (43º 58.91 N - 03º14.05 W; Fig. 1) in the SW Landes Plateau. Core length is 

113 1792 cm with a lithology of silty clay continuously deposited sediment. Sedimentology processing, 

114 included granulometry and X-ray fluorescence element analyses at high resolution, has been 

115 performed at the Bordeaux I University (for details see Brocheray et al., 2014). 

116 Samples for microfossils have been processed at the University of the Basque Country 

117 (UPV/EHU) following standard methodology. Sediment sample (1 cm max. resolution) was 

118 washed and sieved (63 m mesh) and dried. A second separation was made, sieving with 150 m 

119 mesh for planktonic foraminifera. Microfossils were picked using distilled water and counted: 

120 planktonic/benthic foraminifers and benthic ostracods; benthics were taxonomically determined. A 

121 subset of 114 cm samples has been used for this study, yielding more than 62 thousands of 

122 specimens of foraminifers and ostracods. Microfossil databases contain 33,110 individuals 

123 (planktonic foraminifers, PF), 27,616 individuals/181 species (benthic foraminifers, BF) and 1,299 

124 individuals/70 species of ostracods. Taxonomic references used for foraminifers: Barker (1960), 

125 Loeblich and Tappan (1988), Holbourn et al. (2013), web-updated in Hayward et al. (2016), and 

126 for ostracods: Athersuch et al. (1989), Horne et al. (2002), Yasuhara et al. (2009).

127 The following quantification indices for microfossils have been used. Oceanity Index (OI; 

128 PF/PF+BF; %), a paleobathymetric estimation (Murray, 1976). Diversity of benthic assemblages 

129 has been measured with PAST 3 software (Hammer et al., 2001). Indices used for the studied 

130 core samples are: number of species (S), Shannon (H), which varies from 0 in assemblages with 

131 only one taxon, to higher values with many taxa; Equitability (J) measures the evenness of one 

132 individual to belong to a particular species. Dominance D index, takes values from 0 (even 

133 distribution in all species) to 1, when only one species dominates the assemblage, which indicates 

134 ecosystem alteration. The increasing/decreasing observed trends of these indices provide us with 

135 an estimation of stability/instability in the studied paleo-ecosystems.

136

137 3. Results
138 3.1. Stratigraphy and age model of core PP10-17

http://www.sciencedirect.com/science/article/pii/S092181811500154X#bb0045
http://www.sciencedirect.com/science/article/pii/S092181811500154X#bb0310
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139 Stratigraphy of core PP10-17 is shown in Fig. 2. Lithologically it is composed of olive silty clay 

140 sediment with bigger grains mostly during MIS 4 interval (see Granulometry, Fig. 2A). The 114 

141 studied samples are grouped into main units (MIS 1 to MIS 5) with dates and shifts of 

142 Neogloboquadrina pachyderma sin. (Nps) also indicated (Fig. 2B; data from Brocheray et al., 

143 2014). Nps are semi-quantitatively shown by the height of rectangles, the highest representing 

144 above 95% relative of total planktonic foraminifera. Reference IMAGES core MD95-2042 from the 

145 Tagus Abyssal Plain (Cayre et al., 1999a, b; Shackleton, 2001) is used as indirect estimation of 

146 NE Atlantic Sea Surface thermal variation during the studied interval. We have drawn detailed 

147 correlations with dated samples of core PP10-17, shown by arrows in Fig. 2C. In order to compare 

148 these events with paleoclimatic signals, we use the standard core GICC05modelext-NGRIP 1,2, 

149 (version 2014-12-10, 3-point average; Rasmussen et al., 2014; Seierstad et al., 2014) as a 

150 reference for relative air temperature (T) and rapid climatic variations (Fig. 2D).

151 Age model for core PP10-17 is based on 38 dates (Table 1; Fig. 3A). Linear Least Squares 

152 Regression of age-depth values shows a good correlation (r= 0.96; Fig. 3B), though the best fit is 

153 performed with nonlinear logistic analysis (Fig. 3C). 

154 3.2. Microfaunal analyses

155 The occurrence of Nps (Neogloboquadrina pachyderma sin.) in core PP10-17 (Fig. 2B) has been 

156 used as chronostratigraphic reference. Thus, core samples with Nps have been depicted in the 

157 following figures comparing with the occurrence of different assemblages of foraminifers and 

158 ostracods, as showed below.

159 A relative sea-level “eustatic” signal is provided by the Oceanity Index OI (Fig. 4A). MIS 5 was an 

160 oscillating interval (OI, mostly 60-90%) while the index increased and stabilized (OI, 90-100%) 

161 during MIS 4 and MIS 3 intervals, with decreasing values at the beginning of H6 and H2. There is 

162 an important and sustained decrease of the OI marking the LGM, and from H1 to recent the index 

163 increased and kept very stable around 95%.

164 The occurrence of benthic foraminifer species oscillates around 27 spp./sample, with clear 

165 decreases at the beginning of Heinrich events H4, 3, 2 and 1 (Fig. 4B). The presence of BF 

166 species typical of shallower areas (coastal and estuarine) (Table 2A) marks intervals (end of H6 of 

167 MIS 4, B/A of MIS 2) with important supply of detrital material to the deep studied area (Fig. 4C). 

168 Main benthic foraminifer species occurrences in this core can be related to particular 

169 environmental benthic conditions. For example, Cibicides wuellestorfi is only present in noticeable 

170 percentage in the core bottom samples (Fig. 5). Since this species is characteristic of cold 

171 intervals with strong bottom circulation (see Table 3), it is possible that these samples belong to 

172 the MIS 6a stadial (see Discussion chapter). 
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173 Bulimina gibba and B. aculeata, species indicative of hipoxia, were very important during 

174 interstadials MIS 5a, c, e and interstadials of early MIS 3 (Fig. 5). On the other side, Melonis 

175 barleeanus, a cold representative, was filling the gap between the latter, in the stadial 5d, while 

176 Melonis pompilioides was also present in other stadials of MIS 3 and the YD (Fig. 5).

177 Cassidulina laevigata, a cold water, high-nutrient content and suboxic species (see Table 3), was 

178 dominant during pre-H6 of MIS 4, the beginning of H2 and all the LGM (Fig. 6). Globobulimina 

179 affinis, a cold, low ventilated, low oxygen and high content OM (organic matter) water species 

180 (Table 3), dominated the benthic assemblages during Heinrich stadials (HS6, HS4, HS3, HS2, 

181 HS1) and only in HS5 and LGM it was present with lower percentages (Fig. 6). Uvigerina 

182 peregrina, a temperate-water species, is indicative of seasonal pulses of OM to the bottom (Table 

183 3). This species is a good marker of the Holocene in this core (Fig. 6). The milioliid genus Pyrgo, 

184 with the dominant species P. murrhina, is composed of a total of 6 species, characterizing cold 

185 and oxygenated waters in this core, with shifts in C17, H5a, H4, H3, B/A and Holocene  (Fig. 6).

186 Ostracods are regularly present in this core, but with low number of individuals and species, only 

187 increased in the MIS 2 interval (Fig. 7). The analyses of ostracod species diversity (Shannon H 

188 and Equitability J indices, Fig. 7), indicate relatively poor but stable environments for these 

189 microcrustaceans. This is supported by the low values of H (mostly <1.4) with higher H (stable 

190 environment) during MIS 5c, 5b, H3 and MIS 2. On the other side, index J is quite stable and high 

191 (>0.7) during most of core intervals, with clear decreases (instability) during H5-H4 and the LGM-

192 H1 transition (Fig. 7). 

193 Krithe and Argilloecia are dominant ostracods in the studied assemblages. Both genera are deep-

194 sea ostracods present in all oceans (Cronin et al., 2002). Krithe, usually the dominant genus, is a 

195 cryophilic representative that has been successfully used as paleoceanographic indicator (Cronin 

196 et al., 1999, 2000; Rodriguez-Lazaro and Cronin, 1999; Dwyer et al., 2000). The record of the 

197 eight found species of Krithe exhibits a maximum value during the LGM with minor increases in 

198 MIS 5b and the end of H1, H2 intervals (Fig. 8A). Considering the separate record of most 

199 abundant species of Krithe, K. trinidadensis dominated during the LGM (Fig. 8B) and K. aequabilis 

200 at the H1-B/A transition (Fig. 8C). Argilloecia acuminata, the dominant species of the genus, is 

201 only present in MIS 5e, b, and LGM to the recent (Fig. 8D). Both Krithe and Argilloecia are shallow 

202 infaunal genera (Majoran and Agrenius, 1995), and they were restricted in the studied sea-bottom, 

203 due to the very reduced oxygen conditions. Only in intervals where dysoxic values decreased, as 

204 MIS 5b, LGM and B/A, these ostracods were present, particularly during the LGM. The genus 

205 Krithe is negatively affected by cold and strong dysoxic intervals and recovers during the 

206 interstadials, with suboxic (K. trinidadensis) or oxic (K. aequabilis) conditions. Thus, these species 

207 can be used as markers of benthic stressed conditions during Heinrich stadials with no deep-water 

208 formation.
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209 3.3. Sedimentologic indices

210 Magnetic susceptibility shows strong shifts at HS1c and H4, and minor picks at the end of H2, HS3 

211 and H5 and the beginning of MIS 5b (Fig. 9). Heinrich event H6 is indicated by a minor increase of 

212 susceptibility values. These important shifts of magnetic susceptibility indicate a possible entrance 

213 of fine sediments from icebergs of northern precedence (Naughton et al., 2016), and will be used 

214 in discussion chapter to characterize events H4, H2 and H1.

215 Calcium is a major biogenic element in this core, where it was present in high percentages during 

216 interstadials MIS 5a, c, e, and Holocene, with other minor shifts at the end of H1, H2 and H4 (Fig. 

217 10). Sr shows a similar trend as Ca. High values of Ca/Ti are related to higher productivity of 

218 calcareous plankton during warmer periods and lower siliciclastic input from the continent (Hodell 

219 et al., 2013). Ti/Ca is used as terrigenous sediment indicator (Bassetti et al., 2016). The low 

220 values of Ti in MIS 5 are characteristic of interglacials 5a, c, e in this core (Brocheray et al., 2014). 

221 Ti and Fe, as representative of the continent inputs, exhibit anti-covariant behavior relative to Ca 

222 and Sr, with higher values during stadials and decreasing from H1 towards the recent (Fig. 10). 

223

224 4. Discussion
225 4. 1. Bottom conditions

226 Stability in the benthic paleoenvironment can be evaluated by means of diversity indices of benthic 

227 foraminifer and ostracod assemblages. In the case of foraminifers (Fig. 11), Shannon H and 

228 Equitability J indices show relative stability (H>2.0, J>0.70) during most part of core record, with 

229 minima/decreasing trend during stadials HS6, 5, 4, 3, 2, and particularly during the LGM, when a 

230 strong instability is deduced by the lowest values of Shannon and Equitability indices. The 

231 transition H2 to LGM (MIS 3 to MIS 2) marks the stronger alteration of benthos, with a progressive 

232 stabilization from the late H1 to the modern deep marine ecosystems in this area. Ostracod 

233 diversity and equitability (see Fig. 7 C, D) exhibit a more irregular pattern due to the scarcity of 

234 individuals, that prevents to the strict use of these indices, but show decreases (instability) during 

235 stadials MIS 5b, d, H6, 5, 4 and the end of LGM.

236 The oxygen content of benthic ecosystems is evaluated in this study by considering particular 

237 benthic foraminifer assemblages, indicative of oxic, suboxic and dysoxic environments (Table 2). 

238 The evolution of these assemblages in studied core (Fig. 11) shows very low (<10%) percentages 

239 of oxic species in most units of the core, with punctuated “oxic” intervals in MIS 5e, b, H5a, just 

240 before Heinrichs H4, H3, H2, and B/A and early Holocene (Fig. 11A). Most of the assemblages are 

241 suboxic or dysoxic. Suboxic species are clearly above 50% during MIS 5d-b, early MIS 4, MIS 3 

242 interstadials and particularly, in the LGM (Fig. 11B). On the other hand, dysoxia was evident 
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243 during MIS 5e-d transition, 5c, a, C19, C17 and all the studied Heinrich events H1 to H6 (Fig. 

244 11C).

245 Dysoxia and Equitability curves of benthic foraminifers are anti-covariant along most part of the 

246 core record (see Fig. 11C, D). Since Equitability is an estimation of the stability of the benthos, this 

247 anti-covariant trend evidences important bottom instability during a good part of MIS 5 to MIS 1 

248 interval, very likely produced by the dysoxia that affected very negatively the epi- and hipo- benthic 

249 ecosystems. Nevertheless the strongest alteration, indicated by minimum of Equitability (and 

250 Shannon index) during LGM, was actually produced by important and persistent suboxia during 

251 this interval (see Fig. 11B). These oxygenation minima are described as well during Heinrich 

252 stadials HS1, 2, 3 and Younger Dryas (YD) in deep waters of SW Iberian Margin (Grunert et al., 

253 2015). 

254

255 4.2. Paleoenvironmental characterization

256

257 Taking into account the results of different indicators used in this work, we synthesize the main 

258 environmental features of the MIS 5 to MIS 1 interval (Fig. 12). 

259

260 4.2.1. MIS 5

261 Two bottom samples in this core contain high percentage of C. wuellerstorfi (see Fig. 5), a cold 

262 and high oxygen species living in waters with low organic flux from surface (see Table 3 for 

263 ecological references in the discussion chapter). On the other hand, the element patterns during 

264 this interval (Ca, Sr, minima; Ti, Fe, maxima; Fig. 10) is the same type of MIS 5d, b. These 

265 findings let us think that this interval might belong to the end of stadial MIS 6a (Fig. 12), but the 

266 lack of dates in these levels prevents to confirm this point.

267 MIS 5e is characterized by dominance of benthic foraminifer Bulimina gibba (Fig. 5), a warm 

268 water, low ventilation, low O2 and high OM content species (Table 3). BF infaunal dysoxic 

269 assemblage increases in this interval (Fig. 11), and the ostracod diversity is stable (Figs. 7, 8), 

270 indicating a relative stability of benthos. These signals could correspond with those indicated in 

271 SW Iberian Margin by Grunert et al. (2015), that the inception of interglacial MIS 5e produced 

272 reduced trophic conditions and ventilation by NEADW (North East Atlantic Deep Water) increased.

273 During MIS 5d Melonis barleeanus and M. pompilioides entered in this record. Both are cold, 

274 suboxic water species, with input of OM (Table 3). BF assemblages are suboxic-oxic (Fig. 11) and 

275 the species number S increased during this interval (Fig. 4). Ostracods on the contrary, suffered a 

276 fall of diversity at the beginning, due to the suboxia, and then they were present in low numbers, 

277 also during all the 5c (Figs. 7, 8). This unit registered the first sea surface cooling in this core, 
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278 though it was not very important, since there was a little signal of Nps (Fig. 2B). This cooling 

279 corresponds with the end of GS26 of GICC05modelext (Fig. 2D).

280 During MIS 5c there were conditions very similar to that of described to 5e (see Fig. 12).

281 MIS 5b exhibits similar characteristics of 5d, but with the entrance of new species as Cassidulina 

282 laevigata, which confirms the seasonal OM pulses indicated for 5d (Table 3). The increase of 

283 ostracod Krithe in these levels supports some renovation of deep waters. In this unit it is registered 

284 the second cooling (but stronger than the first one, see Nps signal in Fig. 2B).

285 Finally, MIS 5a contains similar BF and elements described for previous interstadials 5e, c. As we 

286 will see later, Krithe is negatively affected by the reduction of deep-water formation produced 

287 during the stadials. The decrease of Krithe in these levels of 5a occurs just before the entrance of 

288 three short cooling intervals (see Fig. 8A) and might indicate a certain restriction in benthos during 

289 this time. The three intervals of cold SST are marked by Nps shifts (the second one, at 73.9 ka, 

290 corresponds to GS20 of GICC05modelext, Fig. 2D, and C20 of Fig. 2C).

291

292 4.2.2. MIS 4

293 The first signal is the strong shift of C. laevigata (Fig. 6), opportunistic species associated with 

294 seasonal fluxes of OM. This species is characteristic of glacial stages MIS 4 and MIS 2 in the 

295 Mediterranean (Singh et al., 2015; Table 3). A comparable shift of C. laevigata at the beginning of 

296 H6 has been signaled in the Alboran Sea (W Mediterranean) coincident with a strong fall of 13C 

297 (Perez Martin et al., 2006).  In the Portuguese margin this species occurred during glacial stages 

298 with shifts synchronic with paleoproductivity (Baas et al., 1998).

299 Heinrich H6 signal started with strong decrease of OI (Fig. 4) and increasing of BF dysoxics (B. 

300 gibba among others, see Table 3). After this, OI increased (and stabilized from the beginning of 

301 H6 onwards) and a different BF assemblage contains G. affinis, with increasing values during H6 

302 (see Fig. 6). G. affinis is a deep bathyal species, living in high productivity, high OM waters and 

303 tolerating total dysoxia conditions (Table 3). At the same time, Krithe reduced drastically during 

304 these levels (Fig. 7). These findings point to reduced deep-water formation produced by AMOC 

305 weakening or even shutdown.

306 At the end of H6 there was the stronger shift (37% of coastal BF species; see Fig. 4, Table 2) of 

307 detrital input in these waters. Heinrich stadial H6 was an interval with deep, cold and low ventilated 

308 waters, very low oxygen content and high percentage of OM. The mentioned detrital input at the 

309 end of H6 is coincident with the HS6 (61.9 ka BP; see Fig. 4), that is, the coldest interval of this 

310 event, suggesting that they are produced during low eustatic levels, responsible of increasing 

311 erosion and transportation to the deep benthos.
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312 The end of MIS 4 is coincident with a decrease of G. affinis and the entrance of P. murrhina (Fig. 

313 6). The later species lives in very cold and oxic waters (Table 3) and indicates the beginning of the 

314 bottom currents reactivation in this area.

315

316 4.2.3. MIS 3

317 This unit started with cold, low ventilation, low oxygen and high OM waters (G. affinis). The 

318 entrance of M. pompilioides suggests colder bottom waters and flux of OM from surface 

319 productivity (Fig. 5, Fig. 6, Table 3). The occurrence of elevated percentages of P. murrhina (in 

320 sample 1101 cm) marks the effect of well-oxygenated waters at this point (see also Fig. 11), likely 

321 due to a relative reactivation of bottom current, defining the stadial H5a (Fig. 6), but it was not 

322 important enough to produce the recovering of benthic ostracod Krithe (Fig. 8). 

323 This bottom reactivation is rapidly inactivated (B. gibba, warmer, dysoxic waters) during the GI 

324 (Greenland Interstadials) 13, 12, 11 (Fig. 5). The occurrence of M. pompilioides in GI 13, attests 

325 the effect of OM fluxes from the surface. During H5 and specially H4, G. affinis marks a new 

326 cooling with dysoxic waters and high OM content (Fig. 6, Fig. 11, Fig. 12). From H4 to H3 we 

327 found important variations of these indicators. The stronger shift of magnetic susceptibility is found 

328 at the end of H4 (Fig. 9), which suggests that at least fine sediments from icebergs of Northern 

329 Atlantic origin reached this location (Naughton et al., 2016). Suboxic-oxic waters dominated during 

330 this interval, except two moments with marked dysoxia (G. affinis; Fig. 6, Fig. 11). Shifts of G. 

331 affinis are described in the H4 of Portugal (Baas et al., 1998) and the H4 with IRD maxima in Bay 

332 of Biscay (Loncaric et al., 1998). 

333 After the H4 cold and well-oxygenated waters (C. wuellestorfi) alternated with low oxygen (M. 

334 pompilioides) and warmer and high seasonal productivity waters (U. peregrina, Fig. 6). This 

335 interval ended just before H3 with the entrance of well-oxygenated waters (P. murrhina) indicative 

336 of bottom current reactivation. This oxygenation was favorable for the ostracods that responded 

337 increasing their diversity (Shannon H, Fig. 7C).

338 The indicators of H3 are the same as for H5 and H4 relative to G. affinis, suggesting a low-

339 ventilated bottom, though the absence of Bulimina could indicate a not so restrictive condition. The 

340 increase of diversity of Krithe during H3 supports this point. 

341 After H4 and up to end of H3 there was an increase of coastal species in the assemblages, 

342 indicative of some climatic reactivation. Cold and dysoxic waters (G. affinis) persisted up to the 

343 end of MIS 3, and only in two intervals where this species decreased, C. laevigata was indicative 

344 of well-oxygenated and intermittent flux of OM waters, as is evident in the early H2 (Fig. 6).

345

346 4.2.4. MIS 2

347 LGM is characterized by a strong decrease of relative sea level (OI around 70%, Fig. 4). Waters 
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348 were very strong suboxic and with high nutrient content (C. laevigata, Fig. 6), conditions that 

349 affected negatively the BF assemblages (equitability and diversity very low (Fig. 11), but not for 

350 the case of the ostracods, that increased their presence in these levels (Fig. 7). C. laevigata has 

351 been described as a common species in the Mediterranean MIS 2 (Singh et al., 2015).

352 At the beginning of H1 the bottom was very unfavorable for the benthics (71% of G. affinis, lowest 

353 number of BF species, S = 8 spp., Fig. 4); low individual numbers, species and equitability for the 

354 ostracods, Fig. 7). During H1 the oxygen recovered to oxic-suboxic conditions, the OI increased 

355 and stabilised and at the same time the percentage of G. affinis decreased up to 24% during this 

356 event (Fig. 6). These conditions favored the recovery of BF (Fig. 11D, E) and ostracods (Fig. 7). A 

357 comparable H1 with a shift of G. affinis was described in other locations of the Bay of Biscay by 

358 Loncaric et al. (1998).

359 The B/A (Bolling/Allerod) interval was characterized by well-oxygenated waters (P. murrhina, 

360 Krithe aequabilis, A. acuminata and by the arrival of shallow allochthonous specimens (Fig. 4, Fig. 

361 6, Fig. 8). The YD was under the influence of cold, suboxic and nutrient-rich waters (M. 

362 pompilioides) (Fig. 5, Fig. 11).

363 HS1 was the most extreme of cold intervals, providing further evidence for a severe temporary 

364 reduction or even shutdown of AMOC in the North Atlantic and its export to the SW Iberian Margin 

365 (Grunert et al., 2015). Naughton et al., (2016) described Heinrich stadial 1 (HS1; 18.5-14.5 ka) as 

366 a complex interval with three phases: HS1a, (18.5-17.75 ka) extremely cold and relatively wet, SS 

367 cooling (10-8ºC), shift of NPs, shift of magnetic susceptibility; HS1b, (17.75-16.1 ka), cool and dry, 

368 NAO+(?), and HS1c, (16.1-14.6 ka) of relative sea-surface warming (2ºC), increasing of moisture 

369 and IRD shift.

370 We located the HS1c in core PP10-17 at the very end of H1, in sample 101 cm (16.1 ka BP, Table 

371 1, Fig. 9), coincident with the important shift of magnetic susceptibility. We also located HS1a in 

372 sample 171 cm (18.5 ka BP, Table 1, Fig. 9), coincident with a minor shift of Nps.

373 Supporting these findings, SSTs of core MD95-2042 are seasonally depicted by Cayre et al. 

374 (1999a), showing important cooling (up to -12ºC) during HE1 in SW Iberian margin. The shift of 

375 transported coastal species observed in the early B/A (Fig. 4C) could have been produced by a 

376 melting pulse typical of deglaciation interval.

377

378 4.2.5. MIS 1

379 This interval has been relatively poorly studied, with only 5 samples. It is characterized by the 

380 occurrence of Uvigerina peregrina (Fig. 6), a typical species of the Holocene, indicative of well-

381 oxygenated waters, with seasonally pulsed organic matter fluxes to the seafloor (Garcia et al., 

382 2013) and high productivity (Table 3). The presence in these levels of P. murrhina confirms the 

383 mentioned quality of waters. With the inception of MIS 1, OM supply reduced and a better-
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384 ventilated deep-water environment bathed by NEADW, was established in SW Iberian Margin 

385 (Grunert et al., 2015).

386

387 5. Conclusions
388 Deep-sea benthic responses to rapid paleoclimatic and paleoceanographic changes of the SE Bay 

389 of Biscay are characterized for the MIS 5 to MIS 1 interval.

390 Benthic foraminifer assemblages characterize the succession of oxic, suboxic and dysoxic 

391 environments, related to stadial/interstadial inceptions.

392 Clue-species of benthic foraminifers and ostracod assemblages evidence particular conditions of 

393 the benthos, relative to temperature, oxygen, OM and productivity of this interval. The stadials (low 

394 Ca content during MIS 5) are evidenced by variable dysoxia, which is better supported by BF 

395 species adapted to dysoxic waters, but produced stress conditions for the ostracods. These cold 

396 phases are marked by the occurrence of BF deep infaunal species Globobulimina affinis (Heinrich 

397 stadials, cold and very low oxygen and high OM), and by shallow infaunal species Melonis 

398 barleeanus, M. pompilioides, Pyrgo spp. and Cibicides wuellestorfi (other stadials, with higher 

399 oxygen content). 

400 Interstadials are characterized by high Ca content (MIS 5), temperate and dysoxic waters with 

401 deep infaunal species (Bulimina gibba, strong eutrophic and anoxic benthos) during interstadials 

402 of MIS 5 to mid MIS 3 (GI 25 to GI 10) and by shallow infaunal (Cassidulina laevigata, seasonal 

403 OM fluxes to the bottom) in other interstadials from GI 9 to LGM. The ostracods, particularly Krithe 

404 spp., increased during interstadials, evidencing some deep-water formation. 

405 LGM is characterized by strong suboxic waters with Cassidulina laevigata. MIS 1 is characterized 

406 by the occurrence of temperate species Uvigerina peregrina.

407 AMOC reduction is evidenced during cold stadials, (or shutdown, at least during H6, and maybe 

408 H1) by the indicated response of benthic foraminifer and ostracod species.

409
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736

737 Figure Captions

738 Figure 1. Location of studied area with core PP10-17 and core MD95-2042.

739 Figure 2. Stratigraphy of core PP10-17, compared with standard marine MD95-2042 and ice 

740 GICC05modelext-NGRIP cores. A-B, data from core PP10-17. A. Granulometry indicating silty 

741 clay size sediment with bigger grains mostly during MIS 4 interval. B. Samples studied in core 

742 PP10-17, grouped into main units.  Tie-points of Heinrich stadials (HS) and Greenland 

743 interstadials (GI) with dates from Table 1. Shaded (blue in web version) rectangles are shifts of the 

744 cold-water planktonic foraminifer Neogloboquadrina pachyderma sin. (Nps), the height of 

745 rectangle is the approximate percentage of Nps (highest is >90%), indicative of the sea- surface 

746 cold intensity. Dates (see Table1) and events are indicated. H1 to H6, Heinrich events. GI, 1 to 25, 

747 from core GICC05modelext-NGRIP. C. Reference core MD95-2042 (Cayre et al., 1999a; 

748 Shackleton, 2001) is used as comparative model for SST during the studied interval. Detailed 

749 correlations with dated samples from core PP10-17 are shown by arrows. D. Core 

750 GICC05modelext-NGRIP 1,2, version 2014-12-10, 3-point average (Rasmussen et al., 2014; 

751 Seierstad et al., 2014) used as reference for air T and rapid climatic variations. GS, Greenland 

752 Stadials (1 to 26). NPs occurrences modified from Brocheray et al., 2014. Age of events after 

753 Gottschalk et al., 2015. C17 to C20 are cold intervals for MIS4-MIS 5a (Sanchez-Goñi et al., 

754 2013).
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755 Figure 3. Age model for core PP10-17 based on 38 dates (Tab. 1). A. Correlation age-depth. 

756 Horizontal scale with studied samples (cm; for clarity, only one of two samples have been 

757 displayed), grouped into stratigraphic units. Position of main events is indicated. Vertical shaded 

758 columns are Heinrich stadials after (Nps) maxima as indicated in Fig. 2. Dates are AMS 14C 

759 datations (wide rectangles), tie-points with core MD95-2002 (black rectangles), with NGRIP 

760 (triangles) and Martinson et al. (1987; diamonds) (after Brocheray et al., 2014). Tie-points in 

761 vertical scale are taken from Otvos (2014), Gottschalk et al. (2015) and Naughton et al. (2016).B. 

762 Linear Least Squares Regression of age-depth values of core PP10-17 shows a good correlation 

763 (r = 0.96), though the best fit is performed with nonlinear logistic analysis (Fig. 3C). Software used 

764 is PAST 3 (Hammer et al., 2001). 

765 Figure 4. Foraminifers in core PP10-17. A. Oceanity Index (OI, nº planktonic forams/total forams 

766 %) an estimation of the relative eustatic level. B. Benthic foraminifer species (with error bars) 

767 present in these samples, indicative of richness in benthic ecosystems. C. Benthic foraminifer 

768 coastal species (see Table 2), with marked shifts at the end of MIS6 and Bølling-Allerød, produced 

769 by inputs from shallower waters. In bottom of figure, core samples with dates, Greenland 

770 interstadials (GI) and shifts of Nps (representing cold intervals, see Fig. 2) are indicated for 

771 comparison.

772 Figure 5. Occurrence in core PP10-17 of major benthic foraminifer species Cibicides wuellestorfi, 

773 Bulimina gibba + aculeata, Melonis barleeanus and Melonis pompilioides. Bottom of figure as 

774 indicated in Fig. 4.

775 Figure 6. Occurrence in core PP10-17 of major benthic foraminifer species Cassidulina laevigata, 

776 Globobulimina affinis, Uvigerina peregrina and Pyrgo murrhina + spp. Bottom of figure as 

777 indicated in Fig. 4.

778 Figure 7. Ostracods in core PP10-17. A. Number of individuals. B. Number of species. C. 

779 Shannon H index of species diversity: increasing trends indicate stabilization of benthic 

780 ecosystems. D. Equitability J index: values close to one indicate stable environment. Bottom of 

781 figure as indicated in Fig. 4. Databases for these indices in Appendix A.

782 Figure 8. Occurrence of major benthic ostracod species in core PP10-17. A. Record of the eight 

783 species of Krithe found in this core. B. Krithe trinidadensis. C. Krithe aequabilis. D. Argilloecia 

784 acuminata. Bottom of figure as indicated in Fig. 4.

785 Figure 9. Magnetic susceptibility SI in core PP10-17. Major shifts are located at the end of 

786 Heinrich events H1 to H5. Bottom of figure as indicated in Fig. 4.



25

787 Figure 10. Element content (3-point average) of Ca, Sr, Ti and Fe in core PP10-17. Bottom of 

788 figure as indicated in Fig. 4.

789 Figure 11. Benthic foraminifer (BF) oxygen-content assemblages and diversity in core PP10-17 

790 (see also Table 2). A. Oxic assemblage. B. Suboxic assemblage. C. Disoxic assemblage. D. BF 

791 Equitability J index. E. BF Shannon H species diversity index. Bottom of figure as indicated in Fig. 

792 4. Databases for these indices in Appendix A.

793 Figure 12. Synthetic data of the proxies used in this work, including characteristic assemblages 

794 and diversities of planktonics foraminifers, benthic forams and ostracods, susceptibility and 

795 element content. Blue rectangles are Nps shifts in core PP10-17, indicative of cold SST in Central 

796 West Atlantic.

797 Oxygen content: O, oxic; S, suboxic; D, dysoxic. Benthic signal: +, increase; -, decrease. 

798 Productivity: OM, high organic matter; UP, upwelling; MES, mesotrophic. Benthic microhabitat: DI, 

799 deep infaunal; II, intermediate infaunal; SI, shallow infaunal.

800

801 Table Captions

802 Table 1. Dates used for the correlation age-depth in core PP10-17.

803 Table 2. Benthic foraminifer assemblages used in this work. A. Benthic foraminifer coastal species 

804 present in core PP10-17, used in Fig. 4C. The list includes species living in coastal and estuarine 

805 settlements of Bay of Biscay (Pascual et al., 2008; Martinez-Garcia et al., 2013). B. Benthic 

806 foraminifer assemblages indicative of oxygen content (after Kahio, 1994, 1999).

807 Table 3. Ecological preferences of the most characteristic benthic foraminifer species in core 

808 PP10-17. Dissolved oxygen levels after Kahio (1994, 1999).

809

810

811

812

813 Appendix A. Diversity databases of benthic foraminifer and ostracod assemblages. Data 

814 processed with PAST 3 software (Hammer et al., 2001).

815
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816 Appendix B.Taxonomic list of the ostracod species mentioned in this work

817 Ostracods

818 Argilloecia acuminata Mueller, 1894

819 Krithe aequabilis Ciampo, 1986

820 Krithe dolichodeira Bold, 1946

821 Krithe minima Coles, Whatley and Moguilevski, 1994

822 Krithe gr. minima Coles, Whatley and Moguilevski, 1994

823 Krithe morkhoveni Bold, 1960

824 Krithe pernoides (Bornemann, 1855)

825 Krithe trinidadensis Bold, 1958

826 Krithe sp. 1

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844
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Core depth (cm) Date Calendar
age BP (years) Stratigraphic correlation Datation (D)/   Tie-

point (T) Reference

30 1339 AMS 14C D Brocheray et al., 2014
35 5038 MD95-2002 T Brocheray et al., 2014
50 7537 AMS 14C D Brocheray et al., 2014
62 12126 MD95-2002 T Brocheray et al., 2014
74 13338 MD95-2002 T Brocheray et al., 2014
80 13169 AMS 14C D Brocheray et al., 2014
94 15961 MD95-2002 T Brocheray et al., 2014

101 16100 HS1c T Naughton et al., 2016
114 16519 MD95-2002 T Brocheray et al., 2014
160 17966 AMS 14C D Brocheray et al., 2014
162 18250 MD95-2002 T Brocheray et al., 2014
171 18500 HS1a T Naughton et al., 2016
409 23664 MD95-2002 T Brocheray et al., 2014
460 24514 MD95-2002 T Brocheray et al., 2014
492 25853 MD95-2002 T Brocheray et al., 2014
559 27685 MD95-2002 T Brocheray et al., 2014
597 29636 NGRIP T Brocheray et al., 2014
621 30500 HS3 T Gottschalk et al., 2015
680 32396 NGRIP T Brocheray et al., 2014
707 33684 NGRIP T Brocheray et al., 2014
738 35432 NGRIP T Brocheray et al., 2014
800 38131 NGRIP T Brocheray et al., 2014
821 39800 HS4 T Gottschalk et al., 2015
921 43337 NGRIP T Brocheray et al., 2014
982 46846 NGRIP T Brocheray et al., 2014

1001 48600 HS5 T Gottschalk et al., 2015
1011 48927 NGRIP T Brocheray et al., 2014
1101 54023 NGRIP T Brocheray et al., 2014
1191 61900 HS6 T Gottschalk et al., 2015
1345 71000 MIS 5a T Otvos, 2014
1390 73910 Martinson et al., 1987 T Brocheray et al., 2014
1471 85000 MIS 5b T Otvos, 2014
1490 90950 Martinson et al., 1987 T Brocheray et al., 2014
1521 92000 MIS 5c T Otvos, 2014
1611 105000 MIS 5d T Otvos, 2014
1655 110790 Martinson et al., 1987 T Brocheray et al., 2014
1671 115000 MIS 5e T Otvos, 2014
1791 129000 MIS 5e T Otvos, 2014

Table 1. Dates used for the correlation age-depth in core PP10-17.



Oxia indicators (>1.5 ml/l  O2) Suboxia indicators (0.3-1.5 ml/l O2) Dysoxia indicators (0.1-0.3 ml/l O2)

Ammonia beccarii (Linné, 1758) Bulimina truncana Gumbel, 1868 Bolivinita quadrilatera (Schwager, 1866) Bolivina alata (Seguenza, 1862) 
Ammonia sp. Cibicides floridanus (Cushman, 1918) Bulimina aculeata d'Orbigny, 1826 Bolivina difformis (Williamson, 1858)
Asterigerinata mamilla (Williamson, 1858) Cibicides refulgens de Montfort, 1808 Bulimina striata d'Orbigny, in Guérin-Méneville, 1843 Bolivina dilatata Reuss, 1850
Asterigerinata sp. Cibicides wuellerstorfi (Schwager, 1866) Cassidulina laevigata d'Orbigny, 1826 Bolivina earlandi Parr, 1950 
Cribroelphidium excavatum (Terquem, 1875) Cibicides sp. Cribroelphidium excavatum (Terquem, 1875) Bolivina pseudoplicata Heron-Allen & Earland, 1930 
Elphidium crispum (Linné, 1758) Cibicidoides pseudoungeriana (Cushman, 1922) Fissurina formosa (Schwager, 1866) Bolivina pygmaea (Brady, 1881) 
Elphidium gerthi Van Voorthuysen, 1957 Cibicidoides robertsoniana (Brady, 1881) Fissurina lucida (Williamson, 1848) Bolivina spathulata (Williamson, 1858)
Haynesina depressula (Walker & Jacob, 1798) Cibicidoides sp. Fissurina marginata (Montagu, 1803) Bolivina subaenariensis Cushman, 1922 
Lobatula lobatula (Walker & Jacob, 1798) Globocassidulina subglobosa (Brady, 1881) Fissurina orbignyana Seguenza, 1862 Bulimina gibba Fornasini, 1902
Miliolinella subrotunda (Montagu, 1803) Osangularia culter (Parker & Jones, 1865) Fissurina pseudoorbignyana (Buchner, 1940) Bulimina inflata Seguenza, 1862
Nonion commune (d'Orbigny, 1846) Lobatula lobatula (Walker & Jacob, 1798) Fissurina seminiformis (Schwager, 1866) Bulimina marginata d'Orbigny, 1826
Quinqueloculina lata Terquem, 1876 Pyrgo murrhina (Schwager, 1866) Gyroidina sp. Chilostomella oolina Schwager, 1878
Quinqueloculina seminula (Linnaeus, 1758) Quinqueloculina lamarckiana d'Orbigny, 1839 Hansenisca soldanii (d'Orbigny, 1826) Chilostomella ovoidea Reuss, 1850 
Rosalina globularis d'Orbigny, 1826 Quinqueloculina lata Terquem, 1876 Hoeglundina elegans (d'Orbigny, 1878) Dentalina mutabilis (Costa, 1855) 
Rosalina sp. Quinqueloculina seminula (Linnaeus, 1758) Laevidentalina inornata (d'Orbigny, 1846) Dentalina sp.
Triloculina oblonga (Montagu, 1803) Triloculina oblonga (Montagu, 1803) Laevidentalina communis (d'Orbigny, 1826) Eubuliminella exilis (Brady, 1884) 

Triloculina tricarinata d'Orbigny, 1826 Lagena apiculata (Reuss, 1851) Fursenkoina complanata (Egger, 1893) 
Lagena elongata Dunikowski, 1879 Fursenkoina sp.
Lagena gibbera Buchner, 1940 Globobulimina affinis (d'Orbigny, 1839)
Lagena hispida Reuss, 1858 Globobulimina auriculata (Bailey, 1894) 
Lagena semistriata Williamson, 1848 Globobulimina sp. cf. pacifica Cushman, 1927 
Lagena staphyllearia (Schwager, 1866)
Lagena striata (d'Orbigny, 1839) 
Lagena substriata Williamson, 1848 
Lagena sulcata (Walker & Jacob, 1798) 
Lenticulina articulata (Terquem, 1862)
Lenticulina gibba (d'Orbigny, 1826)
Lenticulina inornata (d'Orbigny, 1846) 
Lenticulina iota (Cushman, 1923) 
Lenticulina orbicularis (d'Orbigny, 1826) 
Lenticulina sp.
Melonis barleeanus (Williamson, 1858) 
Melonis pompilioides (Fichtel & Moll, 1798) 
Neolenticulina peregrina (Schwager, 1866) 
Nonion commune (d'Orbigny, 1846) 
Nonion sp.
Nonionella atlantica Cushman, 1936 
Oridorsalis umbonatus (Reuss, 1851) 
Procerolagena gracilis (Williamson, 1848)
Pullenia bulloides (d'Orbigny, 1846)
Pullenia quinqueloba (Reuss, 1851) 
Pullenia salisburyi Stewart & Stewart, 1930 
Trifarina angulosa (Williamson, 1858) 
Trifarina bradyi Cushman, 1923
Uvigerina auberiana d'Orbigny, 1839 
Uvigerina cushmani Todd, 194 
Uvigerina peregrina Cushman, 1923 
Valvulineria bradyana (Fornasini, 1900) 

Benthic Foraminifer oxygen content indicators
A. Benthic foraminifer coastal species

Table 2. Benthic foraminifer assemblages used in this work. A. Benthic foraminifer coastal species present in core PP10-17, used in Fig. 4C. The list includes species living in coastal and estuarine settlements of Bay of Biscay 
(Pascual et al., 2008; Martinez-Garcia et al., 2013). B. Benthic foraminifer assemblages indicative of oxygen content (after Kahio, 1994, 1999).



Species Dissolved-oxygen Microhabitat Ecological preference

Cibicides  wuellerstorfi 
(Schwager, 1866)

Oxic (> 2ml/l) Shallow infaunal (Fontanier et al, 2003) Cold (-2 to 4ºC) and deep water (1360-4280 m) (Murray, 1991), high oxygen content (>2ml/l) (Kahio, 1994, Schmield et al., 1997). OM flux
relatively low (Gooday, 2003) locally adapted to pulses of organic carbon (De and Gupta 2010; Diz and Barker, 2016). Increasing of its
occurrence in the paleo-assemblages is indicative of increasing of deep bottom waters (Bornmalm et al., 1999). This species is
associated with NADW (North Atlantic Deep Water) and ACW (Antarctic Circumpolar Water) (Douglas and Woodruff, 1981; Murray,
1991).

Bulimina gibba      Fornasini,
1902

Disoxic (0.1-0.3 ml/l) Deep infaunal (Mendes et al., 2004) In this core, two main species of Bulimina (B. gibba, B. aculeata) are cool-temperate (5-17ºC) (Murray, 1991) and  high productivity
waters (Ray and Singh, 2012). In particular, B. gibba is typical of strongly eutrophic and anoxic environments (Fontanier et al., 2002). 

Bulimina aculeata d'Orbigny,
1826

Suboxic (0.3-1.5ml/l) Deep infaunal (Fontanier et. al, 2002; Rai
and Singh, 2012)

Bulimina aculeata is associated to elevated fluxes of organic carbon in bathyal waters (Mackensen et al., 1990; Wells et al., 1994).

Melonis barleeanus
(Williamson, 1858)

Suboxic Shallow infaunal /Intermediate infaunal
(Fontanier et al., 2003; Grunert et al, 2015)

Melonis barleeanus is a cold water species (-0.4 to 9ºC), with depth range 280 to 2710 m (Murray, 1991). It tolerates high concentrations
of OM (Fontanier et al.,  2002). It  is present in virtual absence of oxygen and low nitrates (Jorissen et al.,  1998). Indicative of deep
mesotrophic conditions (Jorissen, 2003; Grunert et al., 2015). 

Melonis pompilioides (Fichtel
and Moll, 1798)

Suboxic Shallow infaunal (Mojtahid et al., 2010).
Intermediate infaunal (Grunert et al., 2015)

Melonis pompilioides is a cold water species (4.9ºC) (Frerichs, 1970),  oportunistic adapted to high concentration of food and tolerates
high organic detritus fluxes (Baas et al., 1998), typically occurring during cold intervals in cores (Corliss, 1983). Shifts of this species are
related with the entrance of OM  (Grunert et al., 2015).

Cassidulina laevigata
d’Orbigny, 1826

Suboxic Shallow infaunal (Fontanier et al, 2002) C. laevigata has been related with upwelling (Levy et al., 1995). It is an oportunistic species adapted to high food content (Baas et al.,
1998), with high organic carbon flux (>3 gC/m/yr) (Jorissen et al., 2007). It is also present in areas of seasonal flux of OM (Rasmusen et
al., 2002). In Portugal it is present in glacial periods, with shifts of paleoproductivity (Baas et al., 1998). This species (as C. carinata) was
abundant during MIS 2 and MIS 4 in the Mediterranean (Singh et al., 2015).

Globobulimina affinis 
(d'Orbigny, 1839)

Disoxic Deep infaunal (Fontanier et al, 2003;
Geslin et al., 2004)

Globobulimina is a cold water genus. Gl. affinis is a bathyal species living in sediments with high OM content (Fontanier et al., 2005). It is
cosmopolitan in areas of high productivity, high carbon content and disoxic waters (Hayek and Wilson, 2013;  Patarroyo and Martinez,
2016), but prefers anoxic conditions (Geslin et al., 2004; Fontanier et al., 2002), by active migration inside the sediment to find this anoxic
preferred habitat (Geslin et al., 2004). This low-oxygen adaptation makes this species a good proxy for strongly disoxic environments
(Schonfeld, 2001; Jorissen et al., 2007; Grunert et al., 2015). It is present in HE4 in Portugal (Bas et al., 1998), and HE1, HE4  with  IRD
shift in the Bay of Biscay (Loncaric et al., 1998). 

Uvigerina peregrina
Cushman, 1923

Suboxic Shallow infaunal/ Intermediate infaunal
(Fontanier et al., 2002, 2003)

Uvigerina peregrina is a temperate (6-15ºC) species (Murray, 1991), indicative of high productivity waters (Lutze, 1986; Ray and Singh,
2012; Patarroyo and Martinez, 2016), and positively correlated with OM in the sediment (Fontanier et al.,  2002). This is a dominant
species  when  organic  carbon  flux  exceeded  2-3  g/m2a  (Altenbach,  1988).  Tolerates  virtual  absence  of  oxygen  (Lohmann,  1978),
becoming dominant in upwelling areas (Debenay and Konate, 1987). Thus, the abundance of Uvigerina peregrina suggests seasonal
phytodetritus fluxes exported from surface with strong seasonal productivity (García et al., 2013). U. peregrina is one of the species that
better tolerates the low quality of OM, characterising mesotrophic and oligotrophic environments (Mojtahid et al., 2010). It is influenced by
the upper NADW or CDW (Circumpolar Deep Water) (Schnitker, 1979).

Pyrgo murrhina
(Schwager, 1866)

Oxic Shallow infaunal (Kuhnt et al., 2007) Pyrgo murrhina is a cold water (<3ºC) species (Murgese and De Deckker, 2005), living in bathyal Atlantic (Gudmundsson, 1998), in areas
with low organic carbon flux and high oxygen content (>3.5 ml/l) (Altenbach et al., 1999; Murgese and De Deckker, 2005). It has been
related  with  periods  of  increasing  deep  water  formation  with  nutrient  increase  (Bornmalm  et  al.,  1999).  It  is  living  in  oligotrophic
environments (García et al., 2013). Present in glacial stages of Portugal (Baas et al., 1998).This species is a good proxy of oxygen waters
(Caulle et al., 2014), being almost absent when the waters become disoxic.

Table 3. Ecological preferences of the most characteristic benthic foraminifer species in core PP10-17. Dissolved oxygen levels after Kahio (1994, 1999).



BENTHIC FORAMS
cm core 13 21 31 41 51 61 71 81 91 101 111 121 131 141 151 161 171 201 221 251

Taxa_S 34 28 33 34 26 34 36 38 46 35 32 26 21 14 8 28 46 30 32 29
Individuals 270 309 313 306 142 171 324 317 323 291 136 77 80 40 31 240 308 269 332 273
Dominance_D 0.1453 0.1367 0.1084 0.08932 0.1149 0.1076 0.1047 0.07926 0.05992 0.1109 0.1058 0.1017 0.3175 0.3212 0.5172 0.3126 0.3376 0.4933 0.5063 0.521
Shannon_H 2,555 2,567 2,717 2,833 2,601 2,816 2,741 2,957 3.15 2.71 2,857 2,725 1,952 1,802 1,151 1.81 2,161 1,553 1,505 1,434
Equitability_J 0.7245 0.7702 0.7771 0.8035 0.7982 0.7985 0.765 0.8128 0.8229 0.7622 0.8243 0.8363 0.6411 0.683 0.5535 0.5432 0.5644 0.4565 0.4341 0.426

cm core 271 301 321 351 371 391 401 411 421 451 461 471 481 491 501 541 551 561 571 591
Taxa_S 27 24 29 14 22 21 15 22 17 20 39 27 24 23 28 31 37 19 28 24
Individuals 303 185 303 266 317 310 65 46 69 125 282 153 153 300 290 145 166 94 251 82
Dominance_D 0.5326 0.3951 0.2352 0.5746 0.6752 0.6142 0.1976 0.1115 0.256 0.3315 0.1444 0.3947 0.3743 0.2752 0.4026 0.07434 0.08804 0.3929 0.1851 0.09607
Shannon_H 1,386 1,683 2,035 1.09 0.9741 1,103 2,021 2,689 2,013 1,835 2,655 1,797 1,793 1,804 1,768 2,976 2,932 1,694 2,331 2,692
Equitability_J 0.4206 0.5295 0.6043 0.4132 0.3151 0.3623 0.7461 0.87 0.7104 0.6125 0.7247 0.5453 0.5643 0.5754 0.5306 0.8665 0.8119 0.5753 0.6996 0.847

cm core 601 621 651 671 681 701 711 721 741 751 771 801 821 851 871 901 911 921 951 971
Taxa_S 12 21 21 36 40 10 17 24 32 31 37 24 29 12 38 28 38 37 31 21
Individuals 102 84 97 244 326 21 27 101 166 88 243 197 128 45 193 79 336 310 312 306
Dominance_D 0.5779 0.2157 0.1955 0.09903 0.1707 0.1701 0.07545 0.1666 0.05828 0.07593 0.1328 0.1204 0.1823 0.3778 0.09211 0.1806 0.2778 0.212 0.2961 0.2646
Shannon_H 1,094 2,187 2,255 2,828 2,474 2,041 2,705 2,418 3,062 2,972 2,677 2,465 2,375 1.59 2,949 2,507 2,163 2,318 1,904 1,876
Equitability_J 0.4404 0.7185 0.7405 0.7892 0.6706 0.8864 0.9547 0.761 0.8834 0.8655 0.7412 0.7756 0.7052 0.64 0.8108 0.7522 0.5945 0.6419 0.5543 0.6162

cm core 981 1001 1011 1021 1051 1071 1101 1121 1151 1161 1171 1181 1191 1201 1221 1241 1251 1261 1271 1281
Taxa_S 35 34 24 27 17 22 36 32 37 40 34 37 16 39 21 30 16 31 28 29
Individuals 324 278 326 317 235 364 301 275 295 403 210 198 72 308 131 135 36 341 298 269
Dominance_D 0.3179 0.1157 0.4724 0.2822 0.3272 0.1937 0.1348 0.1168 0.09385 0.07897 0.08209 0.08198 0.2415 0.1542 0.1511 0.1132 0.09722 0.149 0.2171 0.2747
Shannon_H 2,041 2,664 1,503 1,895 1,574 2,167 2,568 2,584 2,804 2,941 2,884 3,052 1,954 2,596 2,341 2,708 2,563 2,393 2,118 2,148
Equitability_J 0.5742 0.7556 0.4729 0.5748 0.5555 0.7011 0.7165 0.7456 0.7764 0.7972 0.8177 0.8451 0.7046 0.7087 0.769 0.7962 0.9243 0.6969 0.6358 0.6378

cm core 1301 1321 1341 1351 1361 1371 1391 1401 1421 1441 1451 1471 1481 1491 1501 1521 1531 1551 1561 1581
Taxa_S 29 36 24 29 22 21 24 32 25 21 38 38 37 20 35 26 20 27 17 21
Individuals 285 279 283 278 326 262 252 325 190 221 293 200 202 99 291 280 278 296 215 267
Dominance_D 0.3655 0.1815 0.3468 0.1584 0.3226 0.4039 0.2209 0.1086 0.247 0.1861 0.08942 0.09335 0.08406 0.09479 0.1045 0.2267 0.2761 0.2797 0.2172 0.2709
Shannon_H 1,847 2.47 1,727 2,489 1,787 1,557 2,144 2,683 2,015 2.24 2,865 2,898 3,013 2,637 2,808 2,005 1,762 1,911 2,015 1,817
Equitability_J 0.5486 0.6893 0.5434 0.7391 0.5781 0.5114 0.6745 0.7742 0.6259 0.7357 0.7876 0.7968 0.8343 0.8802 0.7897 0.6155 0.5881 0.5799 0.7113 0.5967

cm core 1601 1611 1621 1631 1651 1661 1671 1701 1721 1741 1751 1761 1781 1791
Taxa_S 22 23 34 35 34 21 21 24 20 16 24 20 16 20
Individuals 267 231 363 195 333 262 304 310 238 206 246 174 174 174
Dominance_D 0.2625 0.146 0.131 0.1276 0.1503 0.1593 0.1999 0.3747 0.3288 0.163 0.1655 0.1653 0.1422 0.1968
Shannon_H 1,829 2.32 2,527 2,719 2,474 2,212 2,056 1,716 1,789 2,103 2,153 2,137 1,976 2,271
Equitability_J 0.5919 0.74 0.7167 0.7647 0.7016 0.7266 0.6752 0.5399 0.5972 0.7584 0.6773 0.7135 0.6856 0.7753

OSTRACODS
cm core 13 21 31 41 51 61 71 81 91 101 111 121 141 161 171 201 221 251 271 301

Taxa_S 2 5 5 6 5 5 7 5 6 9 3 3 4 3 5 18 3 17 6 7
Individuals 18 26 10 20 12 13 15 37 39 42 13 10 10 3 23 42 11 35 12 16
Dominance_D 0.8951 0.2722 0.4 0.26 0.2778 0.3018 0.2356 0.2432 0.499 0.2755 0.4438 0.34 0.52 0.3333 0.4442 0.2483 0.5702 0.1886 0.3056 0.3516
Shannon_H 0.2146 1,396 1,228 1,527 1,424 1,378 1,679 1,494 1,106 1,599 0.8981 1,089 0.9404 1,099 1,062 2,113 0.7595 2,272 1,474 1.45
Equitability_J 0.3095 0.8676 0.7627 0.8525 0.8849 0.8561 0.8629 0.9284 0.6174 0.7277 0.8175 0.9912 0.6784 1 0.6597 0.7311 0.6914 0.8018 0.8224 0.7452

cm core 321 351 371 391 401 411 421 451 461 471 481 491 501 541 551 561 571 591 651 671
Taxa_S 6 23 2 7 5 2 4 8 10 3 3 5 4 7 14 3 7 2 1 4
Individuals 25 65 5 10 14 3 5 24 31 3 4 25 10 10 28 3 12 2 2 6
Dominance_D 0.3984 0.1972 0.68 0.18 0.3776 0.5556 0.28 0.309 0.2508 0.3333 0.375 0.4048 0.28 0.18 0.1454 0.3333 0.2083 0.5 1 0.3333
Shannon_H 1,196 2,295 0.5004 1,834 1,253 0.6365 1,332 1,543 1.74 1,099 1.04 1,094 1,314 1,834 2.31 1,099 1,748 0.6931 0 1,242
Equitability_J 0.6676 0.732 0.7219 0.9427 0.7784 0.9183 0.961 0.7418 0.7557 1 0.9464 0.6798 0.9477 0.9427 0.8754 1 0.8984 1 0.8962

cm core 681 711 721 741 751 771 801 851 871 901 911 921 951 971 981 1001 1011 1021 1051 1071
Taxa_S 4 2 2 3 1 1 2 6 1 2 1 2 1 2 1 3 1 5 1 1
Individuals 13 3 3 4 1 1 4 11 2 4 3 7 1 5 1 5 3 9 2 1



Dominance_D 0.2899 0.5556 0.5556 0.375 1 1 0.5 0.2397 1 0.5 1 0.7551 1 0.68 1 0.36 1 0.284 1 1
Shannon_H 1,306 0.6365 0.6365 1.04 0 0 0.6931 1,594 0 0.6931 0 0.4101 0 0.5004 0 1,055 0 1,427 0 0
Equitability_J 0.9422 0.9183 0.9183 0.9464 1 0.8897 1 0.5917 0.7219 0.9602 0.8867

cm core 1101 1121 1151 1161 1171 1181 1201 1221 1241 1251 1261 1321 1341 1351 1361 1371 1391 1401 1421 1441
Taxa_S 3 2 2 1 3 1 3 1 2 2 1 8 2 1 1 4 3 2 2 6
Individuals 4 4 5 3 6 1 9 1 4 4 1 21 3 1 2 9 3 5 4 15
Dominance_D 0.375 0.5 0.68 1 0.5 1 0.4074 1 0.625 0.625 1 0.3107 0.5556 1 1 0.4815 0.3333 0.68 0.625 0.2089
Shannon_H 1.04 0.6931 0.5004 0 0.8676 0 0.995 0 0.5623 0.5623 0 1.59 0.6365 0 0 1,003 1,099 0.5004 0.5623 1,657
Equitability_J 0.9464 1 0.7219 0.7897 0.9057 0.8113 0.8113 0.7648 0.9183 0.7233 1 0.7219 0.8113 0.9245

cm core 1451 1471 1481 1501 1521 1531 1551 1561 1581 1611 1631 1651 1661 1671 1701 1721 1741 1751 1761 1781
Taxa_S 6 4 6 1 4 5 6 5 3 7 5 2 1 1 3 4 3 4 4 2
Individuals 17 17 22 1 9 6 9 9 5 11 9 3 3 2 4 9 6 7 15 2
Dominance_D 0.2664 0.4394 0.3471 1 0.3827 0.2222 0.2099 0.2346 0.36 0.157 0.284 0.5556 1 1 0.375 0.2593 0.3889 0.3061 0.4844 0.5
Shannon_H 1,512 1,005 1,288 0 1,149 1,561 1,677 1,523 1,055 1,894 1,427 0.6365 0 0 1.04 1,369 1,011 1,277 0.9882 0.6931
Equitability_J 0.8438 0.7252 0.719 0.8289 0.9697 0.9359 0.9463 0.9602 0.9732 0.8867 0.9183 0.9464 0.9875 0.9206 0.9212 0.7128 1

cm core 1791
Taxa_S 7
Individuals 15
Dominance_D 0.2267
Shannon_H 1,714
Equitability_J 0.8809



-Deep-sea benthic response to rapid paleoclimatic changes (MIS 5 to MIS1) is 

analyzed.

-Stadials and interstadials are evidenced by shallow/deep benthic microhabitats.

-Intervals with deep-water formation are evidenced by particular benthic 

assemblages.

-Oxygen content is a main factor controlling deep-sea bottom ecosystems.
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