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Abstract :   
 
Understanding interglacial climate variability is a key issue in the scientific community. Here we compared 
records from Marine Isotope Stage (MIS) 11 to those from MIS 1 (Holocene) as they are perceived to be 
possible analogs. Our study on the Iberian Margin, a key area to investigate surface dynamics in the 
Atlantic Ocean, incorporates coccolithophore assemblage and alkenone data of core MD03–2699 and 
their statistical analyses. Evaluating similarities between MIS 11 and MIS 1 depends on the way the two 
MIS are being aligned, i.e. at the deglaciation or based on the precession signal. During the deglaciation 
of either MIS 12 or MIS 2, the Iberian Margin was affected by abrupt decreases in SST and in 
coccolithophores' paleoproductivity caused by the arrival of subpolar surface waters. Just prior to the 
decline, in both the intervals, the Portugal Current affected the studied site, although a possible difference 
in upwelling strength is here suggested and related to more intense westerlies during the last glacial than 
the late MIS 12. Similar surface-ocean dynamics occurred at the onset of both MIS 11 and MIS 1 as 
indicated by the prevalence of the Iberian Poleward Current and sometimes the Azores Current, although 
the subtropical waters were more oligotrophic during the MIS 2 deglaciation than the MIS 12 one. 
Synchronizing our records according to the precession cycles aligns the early-to-mid Holocene with the 
second, warmer phase of MIS 11c. During both these intervals, the western Iberian Margin was mainly 
affected by the Iberian Poleward Current that transported more temperate-warm, mesotrophic surface 
waters during MIS 11c than during the early-to-mid Holocene. During the early to mid-Holocene the 
Iberian Margin endured incursions of colder surface waters that did not occur during MIS 11c allowing us 
to hypothesize that the studied site experienced, from a paleoceanographic point of view, a more stable 
period during MIS 11c than the early Holocene. Finally, spectral analysis suggests the role of full, half and 
fourth precession components in driving surface-ocean variability during MIS 11 and during the last 24 
kyr BP.  
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35 early to mid-Holocene the Iberian Margin endured incursions of colder surface waters that did not 

36 occur during MIS 11c allowing us to hypothesize that the studied site experienced, from a 

37 paleoceanographic point of view, a more stable period during MIS 11c than the early Holocene. 

38 Finally, spectral analysis suggests the role of full, half and fourth precession components in driving 

39 surface-ocean variability during MIS 11 and during the last 24 kyr BP.

40
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45 Highlights

46  Comparison of two eccentricity minima interglacials with different duration

47  Evaluation of surface-ocean dynamics during MIS 11 vs. MIS 1 off W Iberia  

48  Both experienced different productivity regimes despite similar surface temperatures

49  Important role of full, half and fourth precession cycles in surface-ocean dynamics

50

51

52 1. Introduction

53 During the last decade, many studies focused on the possible analogy between Marine 

54 Isotope Stage (MIS) 11 and the Holocene (Hodell et al., 2000; Loutre, 2003; Loutre and Berger, 

55 2003; Rohling et al., 2010; Tzedakis, 2010; Kandiano et al., 2012; Bubenshchikova et al., 2015). 

56 Both interglacial periods are characterized by minima in Earth’s eccentricity; a particular 

57 configuration that occurred only once more during the last 1 Myr, i.e. during MIS 19. On the other 

58 hand, precession and obliquity variability during the target period 5 ka Before Present (BP) to 60 ka 

59 After Present was not identical to the one of MIS 11 (Loutre and Berger, 2000; 2003). Despite the 

60 imperfect match in the orbital parameters’ configuration, MIS 11 and MIS 1 show a high analogy in 

61 terms of the insolation signal with similar values of atmospheric (pre-human activity) CO2 

62 concentrations (Loutre and Berger, 2000; 2003 and references therein). Although attention shifted 

63 to other possible analogs during the last years, such as MIS 19 (Pol et al., 2010; Tzedakis et al., 

64 2012; Emanuele et al., 2015; Ferretti et al., 2015), the scientific discussion on MIS 11 is still 

65 ongoing (e.g., Candy et al., 2014; Bubenshchikova et al., 2015; Maiorano et al., 2015; Oliveira et 

66 al., 2016; Saavedra-Pellitero et al., 2017; Marino et al., 2018). While not often mentioned in this 

67 context, other interglacials (i.e., MIS 5e, 9e, 15a, 15e) also show this phasing, but with varying 

68 amounts of precessional power and obliquity amplitude (Yin and Berger, 2010).



69 In order to understand possible analogies also in terms of common evolution, different 

70 alignment techniques were previously proposed. The first option is based on insolation and orbital 

71 parameters, whereby the June insolation signals through precessional variations are aligned 

72 following Loutre and Berger (2000, 2003). The second option, used by the EPICA Community 

73 Members (2004) for the EPICA Dome C (EDC) Antarctic ice core, lines up Terminations I and V 

74 using obliquity sinusoidal curves. Tzedakis (2010) compared southern European tree populations 

75 during MIS 11 and MIS 1 using the criteria of obliquity and precession alignments. Rohling et al. 

76 (2010) used the alignment method of sea-level signal synchronization. In any case, when MIS 11c 

77 is compared to the Holocene we have to take into account that MIS 11c appears to be an 

78 exceptionally long interglacial, generally with a 2–3 times longer duration than the Holocene (Past 

79 Interglacials Working Group of PAGES, 2016). The MIS 11c duration is also longer than many of 

80 the other interglacials, none of which (except for MIS 13, see below) have mean durations twice as 

81 long as the Holocene (Past Interglacials Working Group of PAGES, 2016).

82 Because of the keen interest in MIS 11 climate evolution, studies exist from different areas 

83 and from continental and marine archives (e.g., Ayling et al., 2015; Benardout, 2015; Candy et al., 

84 2014; Cheng et al., 2016; D’Anjou et al., 2013; Fawcett et al., 2011; Milker et al., 2013; Antoine et 

85 al., 2016; Regattieri et al., 2016; Reyes et al., 2014; Stepanchuk and Moigne, 2016; Saavedra-

86 Pellitero et al., 2017). Accordingly, an increasing number of deep-sea cores provided insights into 

87 surface-ocean dynamics (e.g., Dickson et al., 2010; Voelker et al., 2010; Kandiano et al., 2012; 

88 Vázquez Riveiros et al., 2013; Maiorano et al., 2015; Saavedra-Pellitero et al., 2017), including on 

89 the Iberian Margin (Rodrigues et al., 2011, 2017; Amore et al., 2012; Palumbo et al., 2013a; 

90 Oliveira et al., 2016; Sanchéz-Goñi et al., 2016). Due to the high sedimentation rate, which allows 

91 detecting millennial-to-centennial scale variability, the Iberian Margin is considered a key area for 

92 paleoclimate studies (e.g., Shackleton et al., 2000; Hodell et al., 2013). In addition, this area is 

93 oceanographically characterized by the Portugal-Current System and seasonal upwelling (Ríos et 

94 al., 1992; Fiúza et al., 1998; Pérez et al., 2001; Coelho et al., 2002; Peliz et al., 2005; Relvas et al., 

95 2007). 

96 The Iberian Margin has been intensely studied over the last two decades in order to better 

97 understand late Quaternary glacial-interglacial and millennial-scale climate variability (e.g., Skinner 

98 et al., 2003; Eynaud et al., 2009; Amore et al., 2012; Hodell et al., 2013; Margari et al., 2014; 

99 Marino et al., 2014; Oliveira et al., 2016; Salgueiro et al., 2010; Shackleton et al., 2000; Voelker et 

100 al., 2010). Several studies provided detailed Sea-Surface Temperature (SST) and paleoproductivity 

101 reconstructions for MIS 11 and MIS 1 and discussed their relationships to surface-ocean dynamics 



102 (Rodrigues et al., 2010; Rodrigues et al., 2011, 2017; Amore et al., 2012; Palumbo et al., 2013a, b; 

103 Marino et al., 2014; Maiorano et al., 2015). 

104 Our choice to use coccolithophores as paleoclimate proxy is related to their ability in 

105 recording the smallest climatic fluctuations thanks to their sensitive response to SST, nutrient 

106 availability, salinity, and sunlight changes (e.g., McIntyre and Bé, 1967; Baumann and Freitag, 

107 2004; Moita et al., 2010; Poulton et al., 2017; Guerreiro et al., 2017; Ausin et al., 2018). Previous 

108 studies demonstrated their role to reconstruct changes in the main surface-ocean currents off 

109 Portugal, in particular in combination with alkenones data (Amore et al., 2012; Palumbo et al., 

110 2013a, b). The main aim of our study is defining possible analogies between the dynamics that led 

111 from the glacials to the interglacials and the evolution of the full interglacial conditions focusing on 

112 the characteristics of the main surface ocean currents affecting our study site. Previous studies of 

113 the coccolithophore assemblages revealed different structures depending on the prevailing surface-

114 ocean currents and thus nutrient availability and SST during the middle and late Pleistocene to 

115 Holocene (Amore et al., 2012; Palumbo et al., 2013a, b). Whereas the species Emiliania huxleyi 

116 dominates the late glacial to Holocene assemblage (Palumbo et al., 2013a), MIS 11 falls into the 

117 acme of Gephyrocapsa caribbeanica (Amore et al., 2012; Palumbo et al., 2013b), both species 

118 belonging to the Noelaerhabdaceae family. E. huxleyi, a cosmopolitan species, can tolerate large 

119 temperatures ranges and both eutrophic and oligotrophic conditions (Okada and McIntyre, 1979; 

120 Winter et al., 1994). The paleoecology of G. caribbeanica is still under discussion. Its dominance, a 

121 global and synchronous event (e.g., Flores et al., 1999, 2003; Baumann and Freitag, 2004), could 

122 potentially be caused by a rapid phylogenetic evolution. 

123 In this study, we evaluate possible similarities or differences in surface-ocean changes and 

124 their impact on coccolithophores during MIS 11 against MIS 1 using previously published 

125 coccolithophore assemblage data (Amore et al., 2012; Palumbo et al., 2013a, b) from sediment core 

126 MD03-2699 (Fig. 1). We re-analyze the data with statistical analyses, in particular principal 

127 component analysis (PCA), to better quantify the relationships between coccolithophore species and 

128 environmental conditions. Assessing conditions during these particular periods helps evaluating if 

129 one of the MIS 11/MIS 1 alignments fits better with the coccolithophores’ evidence or if a 

130 compromise between both solutions is needed.

131

132 2. Regional Setting

133 Sediment core MD03-2699 (39°02.20′N, 10°39.63′W) was recovered on the Estremadura 

134 promontory off central Portugal (Fig. 1). In this region, the hydrography is connected to the 

135 Portugal Current System and strongly influenced by the seasonal and intra-seasonal migrations of 



136 the Azores High pressure center. The Portugal Current System was described in detail in previous 

137 studies (Ríos et al., 1992; Fiúza et al., 1998; Pérez et al., 2001; Coelho et al., 2002; Peliz et al., 

138 2005; Relvas et al., 2007). All the system’s main currents share a common link to the Gulf Stream 

139 waters with the subtropical gyre’s southwestward recirculation, i.e. the Portugal Current, branching 

140 off from the North Atlantic Current (Fig. 1). The Azores Current, a unique current crossing the 

141 North Atlantic’s subtropical gyre near 34°N, branches off directly from the Gulf Stream (Klein and 

142 Siedler, 1989) and can thus transport low latitude signals directly to the Iberian margin. The mixed 

143 surface waters between the North Atlantic Current and the Azores Current are sometimes referred to 

144 as the North Atlantic Transitional Waters (Schwab et al., 2012).

145   During spring/summer, the pressure cell of the Azores High moves northward leading to an 

146 intensification of the westerly winds. This activates upwelling on the western Iberian margin and 

147 leads to the prevalence of the cool, less saline and nutrient-rich Portugal Current in the study area 

148 (Fig. 1a). The southward migration of the Azores High during autumn/winter causes a reduction of 

149 westerly winds’ intensity, which favors the northward flow of the warm, salty and nutrient-poor 

150 Iberian Poleward Current over the area (Fig. 1b). The Portugal Current transports Eastern North 

151 Atlantic Central Waters (ENACW) of subpolar origin (ENACWsp; Fig. 1a) southward, which 

152 usually flows below its subtropical counterpart, ENACWst, transported northward by the Iberian 

153 Poleward Current (Fig. 1b). The Iberian Poleward Current is seen as a northern branch of the 

154 Azores Current (Peliz et al., 2005; Fig. 1). 

155 The Azores High also experiences intra-seasonal variability, in particular during winter, 

156 which is reflected in the North Atlantic Oscillation (NAO; Hurrell, 1995), the most relevant 

157 atmospheric phenomenon in the North Atlantic sector. Negative values of the NAO index indicate a 

158 reduced pressure gradient between the Azores High and Icelandic Low (Hurrell, 1995; Fig. 1). This 

159 atmospheric setting leads to a reduction of the westerlies over the eastern North Atlantic (Trigo et 

160 al., 2004), to generally warm conditions over Iberia (Hurrell and Deser, 2010) and to an 

161 intensification of the Iberian Poleward Current (Sánchez et al., 2007). Positive modes of the NAO 

162 correspond to an increased pressure gradient causing generally cold conditions and a strengthening 

163 of the westerlies and of the upwelling off Iberia (Hurrell, 1995; Sánchez et al., 2007; Hurrell and 

164 Deser, 2010).

165

166 3. Material and Methods

167 3.1 Coccolithophore assemblages and alkenones

168 For the initial assemblage analyses (Amore et al., 2012; Palumbo et al., 2013a, b), 219 

169 samples were analyzed for the MIS 12 to MIS 11 interval (445–360 kyr) and 150 samples for the 



170 MIS 2 to MIS 1 interval. In both intervals, sample spacing was 2 cm leading to a temporal 

171 resolution of about 0.4 kyr in the MIS 12 to MIS 11 interval and of about 0.140 kyr during the last 

172 24 kyr BP. With the exception of the Umbilicosphaera sibogae record for the MIS 12-MIS 11 

173 period, which is here published for the first time, we re-analyzed these published data. The MD03-

174 2699 samples for coccolithophore assemblages were prepared following Flores and Sierro (1997). 

175 Details on the assemblage analyses are provided in Palumbo et al. (2013a, b).  Total abundance or 

176 abundance of a particular taxon is expressed as number of coccoliths per gram of sediment 

177 (#coccoliths/g of sediment) or as relative abundance (%). Fluxes are presented as Nannofossil 

178 Accumulation Rate (NAR, #coccoliths/g of sediment*cm−2*kyr−1). Due to their ecological 

179 sensitivity to specific marine environmental factors, selected coccolithophore taxa or group of taxa 

180 have been identified as good indicators for the main surface-ocean currents characterizing the 

181 Portugal Current System (Table 1) (Amore et al., 2012; Palumbo et al., 2013a, b). The alkenone 

182 based data (SST, C37:4%) were originally published in Rodrigues et al. (2010, 2011) and Palumbo et 

183 al. (2013a) and their paleoceanographic implications are listed in table 1. 

184

185 3.2 Alignments of the Marine Isotope Stages

186 For extricating potential analogies in the surface currents’ evolution between MIS 11 and 

187 MIS 1 (Holocene) off the Iberian Margin, correctly aligning the records of both periods is essential. 

188 Different options exist to align the two MIS and each version has implications for comparing the 

189 two MIS and for predicting a possible length of the current interglacial. 

190 Figure 2 shows the two different approaches tested in this paper based on the SST data: we 

191 use 1) the termination/deglaciation alignment and 2) the precession alignment. When the 

192 deglaciations are considered as tie point, the pronounced SST drops during Terminations V and I 

193 are lined up, i.e. Heinrich-type event 4 (between 428 and 427 ka; Rodrigues et al., 2011) with the 

194 18-15 ka BP interval (Rodrigues et al., 2010). Following the precession synchronization criterion, 

195 the SST records were aligned comparing the second half of MIS 11c, i.e. the one coinciding with 

196 the sea-level highstand, with the early-to-mid Holocene. 

197

198 3.3 Age models

199 In this study, we use the age models previously published for core MD03-2699. The age 

200 model for the MIS 1 to MIS 2 interval (Rodrigues et al., 2010) is based on calibrated 14C ages 

201 during the Holocene and a correlation between the SST records of cores MD03-2699 and MD01-

202 2444 (Martrat et al., 2007) during the glacial period. The mid-Brunhes chronology (Voelker et al., 

203 2010) was established by relating the benthic δ18O record of core MD03-2699 to the one of ODP 



204 Site 980 (McManus et al., 1999) on its LR04 chronology (Lisiecki and Raymo, 2005). The average 

205 sedimentation rate is 14 cm/kyr for the MIS 1 interval and ~6 cm/kyr for MIS 11. 

206

207 3.4 Statistical analyses

208 Principal Components Analysis (PCA), a tool included in the software PAleontological 

209 Statistics (PAST; Hammer et al., 2001), was applied to three time intervals: 1) the complete time 

210 series of the respective interval; 2) the full interglacial period; and 3) the deglacial interval. PCA 

211 finds hypothetical variables (components) accounting for as much as possible of the variance in 

212 multivariate data (Davis, 1986; Harper, 1999) that are linear combinations of original variables 

213 (Hammer et al., 2001). The most important components are correlated with other underlying 

214 variables that in the case of ecological data can be a physical gradient (Hammer et al., 2001). The 

215 PCA usually allows assessing the eigenvalues and eigenvectors of the variance-covariance matrix or 

216 the correlation matrix. Our study case is represented by a dataset composed of variables measured 

217 in different units; so, we used the correlation method because this way the variables are 

218 automatically normalized by the program (Hammer et al., 2001). The tool also allows estimating the 

219 percentages of variance accounted for by the principal components. The analysis is usually 

220 significant when the variance is accounted for by the first one or two components (Hammer et al., 

221 2001). In some cases, our results are also coherent for the third component because the component 

222 can clearly be linked to a particular oceanographic feature. 

223 In addition, spectral analysis was performed using the REDFIT tool implemented in the 

224 PAST software (Hammer et al., 2001). We re-analyzed data previously explored by Palumbo et al. 

225 (2013b) for MIS 11 using a setting aimed at more details in the higher frequency range (e.g., 

226 periodicities of 5-6 kyr). The same setting was then applied to the MIS 1 coccolith and the alkenone 

227 data of both periods, for which a frequency analysis is presented for the first time. The program 

228 REDFIT allows analyzing unevenly sampled time series and selecting the number of oversampling 

229 and segments to optimize the output of the power spectra. In order to overcome the continuous 

230 decrease of spectral amplitude with increasing frequency, typical of paleoclimate dataset, the 

231 program allows to apply a first-order autoregressive (AR1) process (“red noise”; Schulz and 

232 Mudelsee, 2002). In addition, the spectral significance of the peaks, depending on the segment 

233 length (Thomson, 1990), is estimated selecting “critical” false-alarm levels relatively to a fixed set 

234 of false-alarm levels (Schulz and Mudelsee, 2002). In our analyses, we set the false-alarm levels to 

235 90% and 95% (corresponding to χ2 90% and χ2 95%), respectively, and considered as significant – 

236 from a paleoceanographic point of view– only those peaks reaching the 95% level or higher. 

237 Finally, the bandwidth (BW), indicating the spectral resolution given as the width between the -6dB 



238 points (Schulz and Mudelsee, 2002), is 0.080 and 0.021 for the MIS 1 and MIS 11 intervals, 

239 respectively. 

240  

241 4. Results

242 4.1 Alignments of Marine Isotope Stages: Coccolithophore assemblages and alkenone data

243 The SST curves of both MIS 11 and MIS 1 support the two alignment options (Fig. 2). The 

244 deglaciation option aligns the two sharp SST decreases, although the SST reached lower values 

245 during MIS 12. Following the precession alignment, the Holocene SST record overlaps with the 

246 second MIS 11c SST plateau starting at 410 ka, with both records showing comparable maximum 

247 values of 17-18°C and a long-term declining trend.

248 Figures 3 and 4 summarize and compare the most relevant coccolith and alkenone data for 

249 the two intervals. Between 445 and 441 ka, i.e., during MIS 12, the NAR of small Gephyrocapsa 

250 reached maximum values in the order of e+10 before declining, whereas total NAR were 

251 significantly higher between 23 and 19 ka BP, i.e., during MIS 2, with values in the order of e+11 

252 (Fig. 3). During the same periods, the SST show comparable values of about 15°C (Fig. 2). The 

253 intervals 440 ka-427 ka and 18-15 ka BP were both marked by highest values of C. pelagicus ssp. 

254 pelagicus and of C37:4 % and the lowest values of total NAR and small Gephyrocapsa accumulation 

255 rate (Fig. 3). Between 425 and 409 ka increased percentage values of U. sibogae and C. pelagicus 

256 ssp. azorinus are observed that are comparable to those recorded between 12 and 7 kyr BP, although 

257 C. pelagicus ssp. pelagicus percentages show frequent peaks during the latter phase, which are not 

258 recorded during MIS 11c.

259

260 4.2 Principal Component Analysis (PCA)

261 PCA was used in this study to evaluate the correlation among several variables. The PCA 

262 results for the complete time series and the interglacial and deglacial intervals of each period, 

263 respectively, are shown in Figures 5, 6 and 7. The PCA of the last 24 kyr BP interval (Fig. 5A, B), 

264 performed on SST, %C37:4, %C. pelagicus ssp. pelagicus, %U. sibogae, and the small 

265 Gephyrocapsa accumulation rate, reveals that 48% of the variance is represented by principal 

266 component (pco) 1, 26% by pco2 and 15% by pco3. The scatter diagrams of pco1 vs. pco2 and pco3 

267 vs. pco1, respectively, display similar influences for SST and %U. sibogae and for %C. pelagicus 

268 ssp. pelagicus and %C37:4 (Fig. 5A), but an independent influence for the small Gephyrocapsa 

269 accumulation rate within the 95% ellipse (Fig. 5B). For the 445-360 ka interval, the PCA (Fig. 5C, 

270 D) reveals that 42% of the variance is represented by pco1, 21% by pco2 and 16% by pco3, a total 

271 of 79%. Minor variance percentages are indicated for pco4 and pco5. The pco1 vs. pco2 scatter 



272 diagram shows independent influences for SST and small Gephyrocapsa accumulation rate, 

273 whereas similar influences are exposed for %C. pelagicus ssp. pelagicus and %C37:4 within the 95% 

274 ellipse (Fig. 5C). The pco1 vs. pco3 scatter diagram displays similar influences for SST and %U. 

275 sibogae (Fig. 5D). 

276 The PCA performed for the deglacial interval from 19 to 13.5 kyr BP (Fig. 6A) for the 

277 parameters of small Gephyrocapsa accumulation rate, %U. sibogae, SST, %C. pelagicus ssp. 

278 pelagicus, and %C37:4 shows 43% of variance for pco1 and 27% for pco2. The pco1 vs. pco2 scatter 

279 diagram indicates similar influences for SST and %U. sibogae and for %C. pelagicus ssp. pelagicus 

280 and %C37:4 (Fig. 6A). An independent behavior is revealed for the small Gephyrocapsa 

281 accumulation rate (Fig. 6A). The PCA performed on the same proxies for the interval 430-425 kyr 

282 (MIS 12 deglaciation; Fig. 6B) results in 49% of variance for pco1 and 20% for pco2. Independent 

283 behaviors are observed for all the proxies (Fig. 6B)

284 For the early interglacial MIS 1 interval of 12 to 7 kyr BP, the PCA (Fig. 7A) performed on 

285 the small Gephyrocapsa accumulation rate, %U. sibogae and SST (excluding %C. pelagicus ssp. 

286 pelagicus and %C37:4 because of low variability) discloses 49% of variance for pco1 and 30 % for 

287 pco2. The pco1 vs. pco2 scatter diagram shows similar influences for SST and %U. sibogae and an 

288 independent behavior for the small Gephyrocapsa accumulation rate (Fig. 7A). PCA performed on 

289 the same proxies for the interval 409-402 kyr (Fig. 7B) indicate 62% of variance for pco1 and 29% 

290 for pco2 and the pco1 vs. pco2 scatter diagram reveals independent influences for all the proxies 

291 (Fig. 7B).

292

293 4.3 Spectral Analysis

294 The spectral analyses results for the last 24 kyr BP interval (Fig. 8), reveal significant cycles 

295 close to 5-6 kyr in the records of the small Gephyrocapsa absolute abundance (#coccoliths/g of 

296 sediment; Fig. 8A), sum of cold species (Fig. 8B) and the %C. pelagicus spp. azorinus (Fig. 8E). 

297 These periods are also observed in the %U. sibogae periodogram (Fig. 8D), although with a lower 

298 significance (reaching 90-95% significance levels). These cycles are not seen at significant levels in 

299 the %C. pelagicus ssp. pelagicus power spectrum (Fig. 8C).

300 For the 445-360 kyr interval, the power spectra for the small Gephyrocapsa accumulation 

301 rate, %U. sibogae and SST reveal cycles close to 10-11 kyr in addition to the 5-6 kyr cycles (Fig. 

302 8A, C and D). For the %C37:4 periodogram, these cycles are present with a lower significance 

303 (reaching 90-95% significance levels; Fig. 8B). 

304

305



306 5. Discussion

307 5.1. Indications from the extended time intervals

308 The PCA results allow to distinguish between the three, main surface-ocean regimes that 

309 influenced coccolithophores on the Iberian Margin. During both the MIS 11-MIS 12 and MIS 1-

310 MIS 2 intervals, the first three pco’s are sufficient to explain the coccolithophores’ characteristics in 

311 terms of prevailing SST and nutrient conditions. For the MIS 11-MIS 12 period (Fig. 5C, D), the 

312 first two components are related to the nutrient-rich, temperate-warm Portugal Current and to the 

313 subpolar waters regime that is portrayed as cold and less adequate for the development of 

314 coccolithophores (Fig. 5C). The third pco is connected to the Iberian Poleward Current regime, 

315 which at that time is characterized by warm surface waters with no particular relevance to nutrient 

316 concentrations (Fig. 5D). In the case of the MIS 1-MIS 2 interval, the first three pco’s represent 

317 90% of variance (Fig. 5A, B). There, the first two components are linked to the subpolar and Iberian 

318 Poleward Current regimes, the latter of the two currents probably transported warm and, in contrast 

319 to MIS 11, oligotrophic waters (Fig. 5A). The third pco identifies the Portugal Current regime (Fig. 

320 5B). As indicated by the coccolith and alkenone data (Fig. 3), the Portugal Current and the subpolar 

321 waters show similar characteristics during both MIS 11 and MIS 1. The Iberian Poleward Current, 

322 on the other hand, appears to transport different kinds of waters, distinguished mainly in terms of 

323 nutrient availability, i.e. being more mesotrophic during MIS 11 as reflected in the lower 

324 abundances of U. sibogae and F. profunda and fewer appearances of C. pelagicus azorinus than 

325 during MIS 1 (Fig. 4).

326

327 5.2 Deglaciations

328 The most common, extreme events recognized at the Iberian margin during the deglaciations 

329 are significant SST minima (Fig. 2; Rodrigues et al., 2017), which in core MD03-2699 are also 

330 marked by a %C37:4 increase indicating less saline surface waters, a decline in coccolithophore 

331 productivity and increased percentages of Coccolithus pelagicus ssp. pelagicus (Fig. 3) (Rodrigues 

332 et al., 2010; 2011; Amore et al., 2012; Palumbo et al., 2013a, b). During the transition from MIS 12 

333 to MIS 11 (Heinrich-type event 4) and during the interval 18-15 ka BP (Greenland stadial 

334 2a/Heinrich event 1), the Iberian margin was thus characterized by the arrival of cold, fresh surface 

335 waters of subpolar origin, which, together with a less intense Portugal Current and reduced wind 

336 strength, hampered coccolithophore productivity (Amore et al., 2012; Rodrigues et al., 2011; 

337 Palumbo et al., 2013b; Marino et al., 2014). 

338 Directly comparing the two deglaciation intervals (Fig. 3) highlights that the period of low 

339 paleoproductivity during MIS 12 lasted significantly longer (440-427 ka) than Heinrich-type event 



340 4 and thus also longer than the corresponding period during the MIS 2 deglaciation, i.e. Heinrich 

341 event 1. Just prior to the arrival of the subpolar waters, the Iberian margin experienced increased 

342 paleoproductivity with Portugal Current persistence during MIS 12 and MIS 2 (Amore et al., 2012; 

343 Palumbo et al., 2013a, b). However, comparing the paleoproductivity records during the two 

344 glacials, reveals some differences in the Portugal Current dynamics as indicated by the order of 

345 magnitude difference in the values of the paleoproductivity proxies (Fig. 3). The Portugal Current 

346 and associated upwelling regime were more intense during the last glacial maximum than during 

347 late MIS 12. Nevertheless, SST values (Fig. 2) were quite comparable during both periods (values 

348 close to 15°C), suggesting that the main difference cannot be associated with a response of 

349 coccolithophores to different temperature ranges but more likely to higher nutrient availability 

350 during MIS 2 than MIS 12, which, at the studied site, is nowadays caused by stronger westerly 

351 winds and upwelling intensity (Ríos et al., 1992; Fiúza et al., 1998; Pérez et al., 2001; Coelho et al., 

352 2002; Peliz et al., 2005; Relvas et al., 2007). In fact, the PCA reveals that during both intervals, i.e. 

353 19-13.5 kyr BP (Fig. 6A) and 430-425 kyr (Fig. 6B), the paleoproductivity increase occurred during 

354 warming phases, whereas the subpolar waters were clearly characterized by low SST and less 

355 adequate conditions for coccolithophore proliferation.

356 In addition, the oceanographic signal indicated by the PCA (Fig. 6A, B) during both 

357 deglaciations suggests that the two main components, representing 70% and 79% of variance, 

358 respectively, are enough to explain the surface-ocean signals. The pco1 vs. pco2 scatter diagram for 

359 the interval 19-13.5 kyr BP (Fig. 6A) can be interpreted as function of temperature and nutrient 

360 availability allowing to distinguish clearly the three, main surface-ocean regimes affecting the 

361 Iberian margin during this interval, i.e. the Portugal Current, the Iberian Poleward Current and the 

362 subpolar waters. The pco1 vs. pco2 scatter diagram for the MIS 12 deglaciation (Fig. 6B), on the 

363 other hand, can be interpreted as function of temperature and subpolar waters with no distinct 

364 nutrient signature.

365 Despite apparently different wind and thus upwelling strengths, surface-ocean dynamics 

366 evolved quite similarly during both periods. The Portugal Current persistence at the beginning of 

367 the interval was substituted by the arrival of subpolar waters followed by a gradual SST increase 

368 associated with a period of higher surface instability. In fact, during the onsets of both MIS 11 and 

369 MIS 1, i.e., during the early interglacial phase, the site was affected by the Iberian Poleward Current 

370 and sometimes even the Azores Current (Fig. 4). The subtropical water influence alternated with 

371 periods of Portugal Current prevalence and decreasing persistence of subpolar waters. The PCA 

372 result (Fig. 6A), however, reveals that during the MIS 2 deglaciation the Iberian Poleward Current 

373 transported warm, nutrient-poor surface waters, as shown by the co-occurrence of U. sibogae with 



374 high SST and low nutrient availability. During the MIS 12 deglaciation, on the other hand, the PCA 

375 (Fig. 6B) indicates U. sibogae coinciding with medium levels of SST and nutrient availability, 

376 suggesting that the Iberian Poleward Current transported warm-temperate, mesotrophic surface 

377 waters. The hypothesis of more oligotrophy during the MIS 2 deglaciation is also supported by the 

378 more frequent and generally more abundant presence of F. profunda, a species which is considered 

379 to live in stratified surface waters (e.g., Molfino and McIntyre, 1990) (Fig. 4).

380  

381 5.3 MIS 11c vs. early-to-mid Holocene

382 In the case of aligning the deglaciations, the early-to-mid Holocene (12 – 7 kyr BP) does not 

383 show a clear analogy with early MIS 11 (425 – 409 kyr) both in terms of mean SST values and 

384 surface-ocean dynamics (Fig. 2). In fact, the early MIS 11 was characterized by mean SST values of 

385 <18°C, whereas the early-to-mid Holocene experienced mean values >18°C (Rodrigues et al., 2011; 

386 Rodrigues et al., 2010). The early MIS 11 period was marked by Portugal Current prevalence and 

387 the upwelled waters were replenished by ENACWst (Palumbo et al., 2013a). In contrast, the Iberian 

388 margin was affected mainly by the Iberian Poleward Current during the early-to-mid Holocene 

389 (Palumbo et al., 2013b), in agreement with coccolithophore and planktonic foraminifera evidence 

390 from the southern and southwestern Iberian margin (e.g., Colmenero-Hidalgo et al., 2004; Salgueiro 

391 et al., 2014). The best analogy is reached by comparing the early-to-mid Holocene with the peak 

392 interglacial period of MIS 11c (409 – 402 kyr), following the precession alignment criterion (Fig. 

393 2). The SST show comparable mean values around 18°C and coccolithophore productivity in both 

394 intervals was low, which, in combination with the higher values of U. sibogae (Fig. 4), suggests the 

395 prevalence of the Iberian Poleward Current. The presence of C. pelagicus ssp.  azorinus indicates 

396 that the Azores Current contributed significantly to the Iberian Poleward Current during short 

397 episodes (Fig. 4). Both U. sibogae and C. pelagicus ssp.  azorinus show maximum percentages 

398 during MIS 11c, but lower than the values reached during early MIS 1.  F. profunda also displays 

399 higher percentages during early MIS 1 than during MIS 11c (Fig. 4). All these evidences suggest a 

400 stronger Iberian Poleward Current and ENACWst influence leading to stronger stratification during 

401 the early-to-mid Holocene. In fact, the PCA (Fig. 7A, B) indicates that the Iberian Poleward Current 

402 transported oligotrophic, warm/subtropical waters during the early-to-mid Holocene to the study 

403 site, whereas the advected waters were more temperate-warm and mesotrophic during MIS 11c.

404 For the evaluation of the best analog alignment, it is important to comprehend what might 

405 have caused the different Iberian Poleward Current properties during the two interglacial periods. 

406 Variance in the properties could be related to a different position and/or strengthening of the Azores 

407 High as a consequence of two different positions of the Inter-Tropical Convergence Zone (ITCZ). 



408 Pervasive relatively warm conditions off SW Iberia may reflect the persistent dominance of the 

409 subtropical Azores and Iberian Poleward Currents in this area during the final phase of MIS 11c 

410 (Voelker et al., 2010), even after the onset of the northern hemisphere ice sheet growth at ~400 ka 

411 (e.g., Oliveira et al., 2016). During both, MIS 11c and the Holocene, the ITCZ moved northward 

412 causing a weakening of westerly winds. The ITCZ’s position was, however, more southern during 

413 MIS 11c relative to the early Holocene (e.g., Kandiano et al., 2012) leading probably to the heat-

414 transport changes within the Iberian Poleward Current. A possible role also of NAO negative-like 

415 modes was hypothesized in the general atmospheric setting of MIS 11c (Kandiano et al., 2012). If 

416 we consider that negative modes of NAO are nowadays associated to a possible intensification of 

417 the Iberian Poleward Current (Sánchez et al., 2007), its intensification during MIS 11c could in 

418 effect also be related to similar modes occurring at millennial-scale. Moreover, during the early-to-

419 mid Holocene, between 8.2 and 7 ka BP, the wettest and warmest conditions and indication for 

420 NAO variability in terms of higher/lower persistence of the index were documented in southern 

421 Spain (Jiménez-Moreno and Anderson, 2012). Regarding the role of NAO+/- modes on the early-

422 to-mid Holocene Azores High/Icelandic Low position, controversial results from paleoclimatic 

423 archives have been documented in the last years (Gladstone et al., 2005; Wanner, 2008; Olsen et al., 

424 2012; Morley et al., 2014; Wassenburg et al., 2016), although these patterns do not seem to be a 

425 dominant forcing for North Atlantic variability at that time (Repschläger et al., 2017). At the 

426 transition from the early to the mid-Holocene, changes in the wind direction could be related to a 

427 northward movement of the westerlies (thus their weakening) indicating a northward movement of 

428 the Azores High /Icelandic Low cells (Repschläger et al., 2017). We speculate that the possible 

429 analogy even so observed in our records could be due to similar mechanisms acting on the 

430 atmospheric-surface ocean settings.

431 In addition, throughout the Holocene, U. sibogae and paleoproductivity show alternating 

432 peaks implying oscillations in the dominant surface-water currents occurring at millennial time-

433 scale, as also proposed for MIS 11 (Palumbo et al., 2013b). The PCA results (Fig. 7) suggest that 

434 the first two pco’s are enough to explain the two different regimes related to the Portugal and 

435 Iberian Poleward Currents, both during the early Holocene and during MIS 11c, confirming a 

436 possible Portugal Current prevalence with a general lower amplitude than the Iberian Poleward 

437 Current. The Portugal Current, however, exhibits different surface-water characteristics off the 

438 Iberian margin. During MIS 11c, the Portugal Current transported nutrient-rich, temperate-warm 

439 surface waters, whereas during the early Holocene this current transported more likely cool, 

440 nutrient-rich waters. Thus, even if the mean SST values are quite similar, suggesting a similar 

441 warming, the two main currents affecting the Iberian margin had distinct characteristics. 



442 Although the main signal is represented by the prevalence of the Iberian Poleward Current 

443 in both stages, the Iberian margin experienced incursions of colder surface waters during the early 

444 to mid-Holocene (Palumbo et al., 2013a; Salgueiro et al., 2014) that did not occur during MIS 11c. 

445 The near absence of C. pelagicus ssp. pelagicus and the %C37:4 values during MIS 11c (Palumbo et 

446 al., 2013b; Rodrigues et al., 2011) suggest that the Iberian margin was reached by subpolar waters 

447 only during the early Holocene when both of these indicators were observed (Palumbo et al, 2013a). 

448 So, our hypothesis is that MIS 11c was, from a paleoceanographic point of view, a more stable 

449 period than the early Holocene on the Iberian margin. Pollen data from several European 

450 continental records and SST records from the North Atlantic document the occurrence of abrupt 

451 events at 410/412 ka and 404 ka, which are related to changes in precipitation or short-term cooling, 

452 respectively (e.g., Rodrigues et al., 2011; Koutsodendris et al., 2012; Candy et al., 2014; Kandiano 

453 et al., 2017). The variability within MIS 11c was, in fact, more likely associated to a 8.2 ka-type 

454 cooling event (e.g., Koutsodendris et al., 2012; Candy et al., 2014). On the other hand, an 

455 exceptional event, recognized in the MD03-2699 sediments between 405 and 401 kyr, was probably 

456 related to increased river runoff driven by increased precipitation, but lagging evidences of cooling 

457 (Palumbo et al., 2013b). Surface-ocean dynamics were not affected as strongly by this variability as 

458 the continental climate or coccolithophores and alkenones were not sensitive enough to detect this 

459 event, in contrast to the one occurring in the early Holocene. 

460  

461 5.3 Role of half and fourth precession cycles

462 The length of the time window for the last 24 ka BP does not allow investigating full 

463 precession cycles, so for this interval we focused only on their half and fourth components 

464 characterized by typical periodicity of 10-11 kyr and 5-6 kyr, respectively, as documented by 

465 Berger et al. (2006). Regarding to MIS 11, the spectral analysis of the small Gephyrocapsa 

466 accumulation rate shows the influence on paleoproductivity of full precession cycles but also a 

467 possible correlation with its half component (Fig. 9A). The spectral analysis of the U. sibogae 

468 percentages record indicates the presence of full and fourth harmonic precessional cycles suggesting 

469 their role in driving Iberian Poleward Current changes (Fig. 9D). The SST record also reveals an 

470 interesting, significant signal in the range of the half-precession cycles (Fig. 9C). The possible role 

471 of full precession cycles during the Middle Pleistocene in driving surface-ocean dynamics off the 

472 Iberian margin, via their influence on Portugal/ Iberian Poleward Current fluctuations, was 

473 previously documented (Amore et al., 2012; Palumbo et al., 2013b) as well as the influence of half 

474 and fourth precession components during the transition from MIS 12 to MIS 11 (Palumbo et al., 

475 2013b). 



476 The presence of half and fourth precession cycles was predicted in the Equator insolation by 

477 Berger et al. (2006), but subsequent studies documented the presence of these cycles also in mid-to-

478 high latitudes marine records (e.g., Weirauch et al., 2008; Ferretti et al., 2010; Amore et al., 2012; 

479 Hernández‐Almeida et al., 2012; Palumbo et al., 2013b). It is not yet fully understood how marine 

480 proxy data at higher latitudes can record high frequency precession cycles within their power 

481 spectra. One idea is that mid-to-high latitudes surface-ocean dynamics were driven by changes in 

482 insolation at the Equator (Ferretti et al., 2010; Hernandez-Almeida et al., 2012; Palumbo et al., 

483 2013b), even if it is still unclear what is exactly the driving mechanism. 

484 Our spectral analysis results indicate that during MIS 11 changes in insolation at the Equator 

485 following fourth precession cycles caused variability in the Iberian Poleward Current and led to its 

486 intensification off the Iberian margin. In a similar way, half precession cycles via Equator insolation 

487 variability caused probably changes in Portugal Current intensification and SST variability. These 

488 cycles were also observed in the C. pelagicus ssp. azorinus power spectrum (Palumbo et al., 2013b) 

489 suggesting their possible impact also on the northward flowing branch of the Azores Current, i.e. 

490 the Iberian Poleward Current. Regarding the last 24 ka BP data, the fourth precession cycles via 

491 insolation at the Equator could be the mechanism behind the Iberian Poleward Current variability 

492 off western Iberia as also suggested by the U. sibogae power spectrum (Fig. 8D). The fourth 

493 component could also be the main forcing for Portugal Current variability and the northward 

494 recirculation of the Azores Current as indicated by the power spectra of the small Gephyrocapsa 

495 absolute abundance (#/g of sediment) and C. pelagicus ssp. azorinus (Figs. 8A and 8E), 

496 respectively. 

497 If we consider that the three major currents on the Iberian margin have the Gulf Stream as 

498 common source water, a potential transfer mechanism could be that insolation at lower latitudes (in 

499 this case the Gulf of Mexico/ Caribbean Sea) caused changes in the source waters of these currents, 

500 and as a consequence of oceanic feedbacks these cycles were indirectly recorded in our study area. 

501 At the mid (and high) latitudes, in fact, the equatorial currents do not affect the surface 

502 oceanography directly, but are linked through the currents arising from them. In addition, because 

503 the Iberian margin is under the direct influence of the westerlies controlling the upwelling, a 

504 possible influence of Equator insolation on variability in the main North Atlantic atmospheric 

505 pressure centers can be supposed. 

506 The C. pelagicus ssp. pelagicus power spectra for both MIS 11 (Palumbo et al., 2013b) and 

507 MIS 1 (Fig. 7C) do not show the half and fourth precession cycles’ frequencies. Thus, we can 

508 interpret these results as an evidence of equatorial insolation not influencing the arrival of subpolar 

509 waters at the Iberian margin. However, the power spectrum of the sum of cold species during the 



510 MIS 1 interval (Fig. 8B) reveals the presence of fourth precession cycles suggesting their role on 

511 the arrival of colder surface waters but not of pure subpolar origin. The most abundant cold species 

512 recorded in this interval is represented by Gephyrocapsa muellerae (Palumbo et al., 2013a), which, 

513 near the Azores, was used as proxy for the influence of the North Atlantic Transitional Waters 

514 during the last 16 kyr BP (Schwab et al., 2012). Our hypothesis is that the North Atlantic 

515 Transitional Waters recorded the influence of Equator insolation changes driven by fourth 

516 precession cycles as consequence of changes in the North Atlantic, Portugal and Azores Currents. 

517 It is also interesting to note that the %C37:4 time series for the complete MIS 11 – MIS12 

518 interval incorporates significant spectral power close to the periodicities of half and fourth 

519 precession components (Fig. 9B). These results suggest that advection of meltwaters was also 

520 linked to changes in Equator insolation, potentially via atmosphere-ocean feedbacks at high 

521 latitudes. The insolation feedback most likely acted as deteriorating factor on the ice sheets (e.g., 

522 Ruddiman, 2003) and their ice shelf extension, causing, in the end, the arrival of their meltwaters at 

523 the studied site.

524

525 6. Summary and Conclusions

526 In this study, we compared MIS 11 and MIS 1 coccolithophore and alkenone derived 

527 records from core MD03-2699 located on the Iberian margin to search for possible analogies in the 

528 temporal evolution of the surface-ocean dynamics. Considering that MIS 11 was an exceptional 

529 long interglacial, it is impossible to compare the full interval with entire Holocene trend. So, we 

530 opted to compare the records following two main alignment criteria: 1) aligning the deglaciations 

531 on the basis of MD03-2699 SST records and 2) aligning based on the precession cycles. We applied 

532 PCA to the data with the aim to distinguish possible differences or analogies between the 

533 characteristics of the surface water masses affecting the site, in particular in regard to SST and 

534 nutrient availability. When aligning the deglaciations, both MIS 12 and MIS 2 experienced the same 

535 surface-ocean evolution, namely a productive period being interrupted by the arrival of subpolar 

536 waters and then followed by variable conditions during the transition into full interglacial 

537 conditions. Even if the general evolutions were similar, the direct comparison highlighted that 

538 during the productive periods upwelling was stronger during MIS 2, thereby providing more 

539 nutrients for the coccolithophore community. The period of instability at the onset of the 

540 interglacials was marked by the reoccurring presence of the Iberian Poleward Current, sometimes 

541 with significant contributions from the Azores Current. When applying the precession cycle 

542 alignment, our records show the best analogy between early-to-mid Holocene and MIS11c. Also, 

543 these periods were characterized by the persistent presence of the Iberian Poleward Current, along 



544 with ENACWst. However, the MIS 11c subtropical surface waters were poorer in nutrients 

545 (mesotrophic) than their more oligotrophic MIS 1 counterparts. Another important observation that 

546 arose from comparing the two interglacial periods is related to the sporadic advection of cold, 

547 subpolar surface waters to the Iberian margin. Arrival of such waters was more relevant and 

548 frequent during the early-to-mid Holocene than during MIS 11c. Thus, despite the general 

549 similarities neither alignment results in exactly the same evolution in the prevailing surface-water 

550 masses. So, in conclusion, a compromise between the two solutions proposed here would be the 

551 best solution when comparing MIS 1 and MIS 11. 

552 Even if during eccentricity minima stages, precession is typically characterized by weak 

553 variations (Hilgen et al., 1995, 2003; Zeeden et al., 2013), as it is the case for MIS 11 and MIS 1, 

554 our data suggest that this orbital parameter played an important role in surface-ocean dynamics on 

555 the Iberian margin. Because of the high resolution of our time series, we could investigate not only 

556 the full precession cycles during MIS 11, but also their higher frequency components during both 

557 MIS providing additional information on possible analogies/differences of these two crucial stages. 

558 From our point of view, it would be interesting to extend the current study to other sites within the 

559 North Atlantic’s subtropical gyre in order to better understand possible relationships between the 

560 main currents and potential influences of the higher frequency precession cycles on the water mass 

561 properties and plankton communities.

562
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926

927 Figure captions
928 Figure 1. Core location and modern surface oceanographic and atmospheric setting off western 

929 Iberia for Spring-Summer (A) and Autumn-Winter (B) (modified from Palumbo et al., 2013b). IL = 

930 Icelandic Low; AH = Azores High; NAC = North Atlantic Current; AzC = Azores Current; IPC = 

931 Iberian Poleward Current; ENACWst= Eastern North Atlantic Central Waters of subtropical origin; 

932 ENACWsp= Eastern North Atlantic Central Waters of subpolar origin.

933

934 Figure 2. Deglaciation and precession cycle alignments of the last 24 ka BP and 445-360 ka 

935 intervals. In the top panel, the black line shows the SST (°C) data for 445-360 ka (Rodrigues et al., 

936 2011) and the colored lines the SST record for the last 24 ka BP (Rodrigues et al., 2010) according 

937 to the deglaciation (magenta) and precession (red) alignments. Stippled lines in the bottom panel 

938 indicate the precession amplitude (Berger and Loutre, 1991) for the interval 445-360 ka (black) and 

939 the last 24 ka BP (red), respectively. 

940

941 Figure 3. Comparison of coccolithophore assemblage and alkenone data for MIS 1 vs. MIS 11.  

942 From bottom to the top in each panel: paleoproductivity proxy (i.e., total nannofossil accumulation 

943 rate for MIS 1 and small Gephyrocapsa accumulation rate for MIS 11); subpolar surface waters 

944 proxies (% C. pelagicus ssp. pelagicus and %C37:4). Colored vertical bars represent periods of major 

945 specific surface-ocean current persistence: yellow for Portugal Current (PC); cyan for subpolar 

946 surface waters (SPWs); green for surface-ocean instability; pink for Iberian Poleward Current (IPC) 



947 transporting ENACWst. Stratigraphic abbreviations are: Ht 4 for Heinrich-type event 4; T (as in 

948 TV, TIa) for Termination; YD for Younger Dryas; B/A for Bølling-Allerød; H1 for Heinrich event 

949 1; LGM for last glacial maximum; GS for Greenland stadial; and GI for Greenland interstadial.

950

951 Figure 4. Additional coccolithophore assemblage data for MIS 1 vs. MIS 11. From bottom to the 

952 top in each panel: Iberian Poleward Current (IPC) proxy (% U. sibogae); Azores Current (AzC) 

953 proxy (% C. pelagicus ssp. azorinus); surface water oligotrophy proxy (% F. profunda). Colored 

954 vertical bars and stratigraphic abbreviations are the same as in Figure 3. 

955

956 Figure 5. PCA performed on 445-360 ka and last 24 ka BP intervals. Upper panel: scatter diagrams 

957 for the last 24 ka BP between (A) components 1 and 2 and (B) components 1 and 3. Lower panel: 

958 scatter diagrams for 445-360 ka interval between (C) components 2 and 1 and (D) components 3 

959 and 1. Tables on the left side provide specification of components used in the analyses (central 

960 panel), eigenvalues and percentages of variance for each component with upper table referring to 

961 the last 24 ka BP and lower table to the 445-360 ka interval.

962

963 Figure 6. PCA performed for deglaciation period for MIS 2-MIS 1 (19-13.5 ka BP) and MIS 12 – 

964 MIS 11 (430-425 ka). (A) scatter diagram between components 2 and 1 for MIS 2-MIS 1 

965 deglaciation; (B) scatter diagram between components 3 and 1 for MIS 12-MIS 11 deglaciation. 

966 Tables on the left side as in Figure 5.

967

968 Figure 7. PCA performed on early-to-mid Holocene (12-7 ka BP) and MIS11c (409-402 ka). (A) 

969 scatter diagram between components 3 and 1 for the early-to-mid Holocene; (B) scatter diagram 

970 between components 2 and 1 for MIS11c. Tables on the left side as in Figure 5.

971

972 Figure 8. Periodograms of investigated taxa obtained using REDFIT for the last 24 ka BP interval. 

973 In the periodograms, dotted red lines indicate red noise (Theor AR(1)), green and yellow dotted 

974 lines represent 90% and 95% significance levels, respectively. Bottom x-axis refers to frequency 

975 scale, top x-axis to periodicity scale. Green vertical bars represent the Bandwidth. Numbers on 

976 periodograms indicate precession periodicities. 

977

978 Figure 9. Periodograms of investigated taxa obtained using REDFIT for the 445-360 ka interval. In 

979 the periodograms, dotted red lines indicate red noise (Theor AR(1)), green and yellow dotted lines 

980 represent 90% and 95% significance levels, respectively. Bottom x-axis refers to frequency scale, 



981 top x-axis to periodicity scale. Green vertical bars represent the Bandwidth. Numbers on 

982 periodograms indicate precession periodicities.

983

984 Table 1

Coccolithophore 
assemblages

Ecological preferences with 
main references Alkenone data

Surface Ocean 
Conditions off 

Iberian Margin

U. sibogae

warm and oligotrophic surface 
waters (McIntyre and Bè, 1967; 
Brand, 1994; Roth, 1994; López-

Otálvaro et al., 2009; Amore et al., 
2012; Palumbo et al., 2013a, b)

increased alkenones-
derived SST

Iberian 
Poleward 
Current

C. pelagicus ssp. 
pelagicus

cold surface waters related to 
subpolar front (Parente et al., 2004)

decreased alkenones-
derived SST

subpolar surface 
waters

small Gephyrocapsa 
accumulation rate 
(MIS 11); Total 

Nannofossil 
Accumulation Rate 

(MIS1)

nutrient-rich surface waters 
(Baumann et al., 2004; López-Otálvaro 
et al., 2009; Saavedra-Pellitero et al., 
2011; Amore et al., 2012; Palumbo et 

al., 2013a, b)

not-relevant Portugal Current

C. pelagicus ssp. 
azorinus

warm surface waters 
transported by Azores Current 

(Parente et al., 2004)

increased alkenones-
derived SST Azores Current

increased C37:4 %
waters with 

melting icebergs 
Sum of cold species 

(C. pelagicus 
pelagicus;

Gephyrocapsa 
muellerae/margereli;

Emiliania 
huxleyi>4µm)

cold and nutrient-poor surface 
waters (McIntyre and Bè, 1967; 

Breheret, 1978; Roth, 1994; Flores et 
al., 1997; Flores et al., 2010; Amore et 

al., 2012; Palumbo et al., 2013a, b)
decreased alkenones-

derived SST
cold surface 

waters

985 Remarks: Coccolithophore assemblages and their main ecological preferences combined with alkenone data 
986 characterising the main surface ocean currents off Iberian Margin. Original descriptions are reported in 
987 Rodrigues et al. (2011), Amore et al. (2012) and Palumbo et al. (2013a, b).
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