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Abstract  29 

We present new surface water proxy records of meltwater production 30 

(alkenone derived), relative sea surface temperature (diatom, alkenones) and sea 31 

ice (diatoms) changes from the Disko Bugt area off central West Greenland. We 32 

combine these new surface water reconstructions with published proxy records 33 

(benthic foraminifera - bottom water proxy; dinocyst assemblages – surface water 34 

proxy), along with atmospheric temperature from Greenland ice core and Greenland 35 

lake records. This multi-proxy approach allows us to reconstruct centennial scale 36 

middle to late Holocene palaeoenvironmental evolution of Disko Bugt and the 37 

Western Greenland coastal region with more detail than previously available.  38 

Combining surface and bottom water proxies identifies the coupling between 39 

ocean circulation (West Greenland Current conditions), the atmosphere and the 40 

Greenland Ice Sheet. Centennial to millennial scale changes in the wider North 41 

Atlantic region were accompanied by variations in the West Greenland Current 42 

(WGC). During periods of relatively warm WGC, increased surface air temperature 43 

over western Greenland led to ice sheet retreat and significant meltwater flux. In 44 
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contrast, during periods of cold WGC, atmospheric cooling resulted in glacier 45 

advances.  46 

We also identify potential linkages between the palaeoceanography of the 47 

Disko Bugt region and key changes in the history of human occupation. Cooler 48 

oceanographic conditions at 3.5 ka BP support the view that the Saqqaq culture left 49 

Disko Bugt due to deteriorating climatic conditions. The cause of the disappearance 50 

of the Dorset culture is unclear, but the new data presented here indicate that it may 51 

be linked to a significant increase in meltwater flux, which caused cold and unstable 52 

coastal conditions at ca. 2 ka BP. The subsequent settlement of the Norse occurred 53 

at the same time as climatic amelioration during the Medieval Climate Anomaly and 54 

their disappearance may be related to harsher conditions at the beginning of the 55 

Little Ice Age. 56 

 57 

 58 

1. Introduction 59 

From the perspective of future climate change, the behaviour of the 60 

Greenland Ice Sheet (GIS) is of critical interest, due to its potential impact on global 61 

sea-level changes and ocean circulation (e.g. Howat et al., 2007; Pritchard et al., 62 

2009). Enhanced freshwater contribution of the GIS to the North Atlantic Ocean may 63 

affect the northward heat transport in the North Atlantic Drift (Oppo et al., 2003; 64 

Thornalley et al., 2009, Moros et al., 2012). Many tidewater glaciers in southeast and 65 

west Greenland show significant changes in velocity and consequent ice flux to the 66 

ocean since 2000 (e.g. Andresen et al., 2013; Holland et al., 2008; Howat et al., 67 

2007, 2008, 2011; Moon and Joughin, 2008; Rignot and Kanagaratnam, 2006; 68 

Straneo et al., 2010; Walsh et al., 2012; Zwalley et al., 2002). The forcing 69 

mechanism for the enhanced ice velocity is unclear although there is strong support 70 

for the importance of the influence of changing ocean temperatures driving glacier 71 

dynamics (e.g. Holland et al., 2008; Lloyd et al., 2011; Rignot et al., 2010). On longer 72 

time scales the ‘ocean forcing’ may have played an important role in triggering large-73 

scale ice sheet destabilization (e.g. Moros et al., 2002). A better understanding of the 74 

linkages between past GIS behaviour and forcing mechanisms such as changes in 75 

ocean circulation is, therefore, critical to predicting future changes in ice sheet 76 

behaviour.  77 

The area of Disko Bugt in central west Greenland has been of particular 78 

interest because of the significant changes in ice velocity of Jakobshavn Isbrӕ, one 79 

of the largest ice streams draining approximately 7% of the GIS (Bindschadler, 80 

1984). This area has been intensively studied over recent years with special 81 

attention paid to the late Quaternary variation of the ice sheet (e.g. Briner et al., 82 

2010; Kelley et al., 2013; Larsen et al., 2015; Weidick and Bennike, 2007; Young et 83 

al., 2011), the deglaciation and the Holocene variations in nearshore to offshore 84 

ocean circulation (e.g. Lloyd et al., 2005, 2007, 2011; Jennings et al., 2014; 85 

Krawczyk et al., 2010, 2012, 2013; Moros et al., 2006b; Ouellet-Bernier et al., 2014; 86 
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Perner et al., 2011, 2013a,b; Ribeiro et al., 2012; Seidenkrantz et al., 2008). More 87 

recently, a number of studies from Disko Bugt have identified areas of high 88 

accumulation rate, suitable for investigating decadal to multi-centennial scale 89 

variations in ocean circulation (site 343310 and 343300, Figure 1; Lloyd et al., 2011; 90 

Perner et al., 2011, 2013a). To date, the studies from Disko Bugt have focused on a 91 

limited number of proxies, commonly either surface water proxies (diatoms, 92 

dinocysts; e.g. Krawczyk et al., 2010, 2013; Ribeiro et al., 2012; Ouellet-Bernier et 93 

al., 2014) or bottom water proxies (benthic foraminifera; e.g. Lloyd et al., 2005, 2007, 94 

2011; Perner et al., 2011, 2013a).  95 

Here, we combine published surface (diatoms, dinocysts) and sub-surface 96 

(benthic foraminifera) water proxy data (343310: Krawczyk et al., 2013; 343300: 97 

Ouellet-Bernier et al., 2014; 343310: Lloyd et al. 2011; Perner et al., 2011; 343300: 98 

Perner et al., 2013a) from these core sites (Figure 1) with new records of sea 99 

surface salinity (the relative proportion of tetra-unsaturated C37 ketones - %C37:4 - in 100 

alkenones) and relative estimates of sea surface temperature (biomarker alkenone 101 

derived Uk
37, diatoms in 343300). By combining the different proxies (measured on 102 

the same sample sets) and by comparing our marine data with terrestrial lake and 103 

the ice core records, a more complete picture of the evolution of ocean circulation, 104 

atmospheric temperature and ice stream behaviour over the middle to late Holocene 105 

can be proposed. Linkages between climate and the history of human occupation of 106 

West Greenland, along with middle to late Holocene ocean circulation changes 107 

observed off West Greenland in the broader context of the North Atlantic are also 108 

discussed. 109 

 110 

2. Study area and regional environmental setting 111 

Disko Bugt (Figure 1) is a large marine embayment (40,000 km2) off central 112 

West Greenland with relatively shallow water depths of 200 to 400 m and with 113 

maximum water depths up to 900 m in Egedesminde Dyb, a deep-water trough of 114 

glacial origin (Long and Roberts, 2003; Roberts and Long, 2005; Zarudski, 1980). 115 

The Disko Bugt area is typically covered by seasonal sea-ice from January to March-116 

April/May and the present day climatic conditions are low arctic maritime with mean 117 

surface air temperatures of ~ 4.8°C in summer and ~ -5.2°C throughout the year 118 

(Fredskild, 1996, Nielsen et al., 2001; Ribergaard et al., 2006).   119 

The West Greenland Current (WGC), which dominates the regional 120 

oceanography is a water mass resulting from the mixing of: (i) Arctic-sourced cold, 121 

low-salinity water from the East Greenland Current (EGC, found at 0-200 m water 122 

depth), termed Polar Water (Buch, 1981); (ii) relatively warm and saline Atlantic-123 

sourced water from the Irminger Current (IC, >200 m water depth), a branch of the 124 

North Atlantic Current (NAC; Buch, 1981; Tang et al., 2004); and (iii) surface local 125 

meltwater discharge from the south-west Greenland margin. The WGC is formed at 126 

the southern tip of Greenland (Cape Farwell) and flows northwards on the West 127 

Greenland shelf (Cuny et al., 2002) and turns gradually westwards into Baffin Bay. 128 
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Reaching central West Greenland, a side branch of the WGC enters Disko Bugt from 129 

the southwest and flows northwards exiting the embayment primarily through the 130 

Vaigat Strait (Figure 1 and inset; Andersen, 1981; Bâcle et al., 2002; Ribergaard et 131 

al., 2006). Along its flow path in Disko Bugt, the WGC carries icebergs and meltwater 132 

from outlet glaciers located in eastern Disko Bugt, such as Jakobshavn Isbrӕ, 133 

Semerq Avangnardleq, Sermeq Kujadleq and Kangersuneq (Figure 1). Exiting Disko 134 

Bugt through the Vaigat Strait, a branch of the WGC deflects westwards into Baffin 135 

Bay, while the major current continues to flow further northwards along the West 136 

Greenland coast. The Atlantic Water core of the WGC is relatively warm and saline 137 

with temperatures > 5°C and salinity > 34.9 PSU off Cape Farewell gradually cooling 138 

and freshening to 3.5-4.5°C and 34.2-34.9 PSU in the Disko Bugt area forming the 139 

bottom waters in Disko Bugt and the adjacent shelf (Andersen, 1981; Buch, 1981; 140 

Buch et al., 2004; Lloyd, 2006; Ribergaard et al., 2013). There are no indications that 141 

deep Baffin Bay waters penetrate onto the shelf along the west Greenland margin or 142 

into Disko Bugt below 300 m water depth (Andersen, 1981). However, meltwater flux 143 

and icebergs from outlet glaciers, as well as the winter season’s pack ice and low-144 

salinity polar surface water from Baffin Bay influence surface water properties along 145 

the west Greenland margin. In the Disko Bugt area, sea-surface conditions record 146 

large variations. Sea-surface conditions at coring site 343300 (Figure 1) show 147 

significant interannual variability: data compiled from the National Oceanographic 148 

Data Center (NODC, 2001) indicate mean summer sea-surface temperature of 3.1 to 149 

5.7°C (one sigma) and salinity of 32.9 to 33.4; 1953-2003 data from the National 150 

Snow and Ice Data Center (NSIDC) indicate mean sea-ice cover of 3.8 ± 1.3 151 

months/yr. Surface water productivity in Disko Bugt is influenced by the nearby sea 152 

ice edge of the so-called ‘West Ice’, which forms in Baffin Bay during late autumn 153 

and winter. At present this frontal zone lies northwest of Disko Bugt in spring 154 

(Hansen et al., 1999; Levinsen et al., 2000; Tang et al., 2004).  155 

 156 

3. Methods  157 

3.1 Chronology  158 

The age control of cores 343300 and 343310 (Figure 1) is provided by 159 

accelerator mass spectrometry (AMS) 14C dates on benthic foraminifera and mollusc 160 

shells, calibrated with Marine09 (Reimer et al., 2009)  using OxCal 4.1 (Bronk 161 

Ramsey, 2009) and a marine reservoir age correction ΔR of 140 ± 35 years (Lloyd et 162 

al., 2011). For full details of core chronologies see Perner et al. (2011, 2013a). Multi 163 

core (MUC) and gravity core (GC) records from both core sites do not overlap. At 164 

site 343300 there is a 500 year gap between MUC and GC and at site 343310 there 165 

is a gap of ca. 100 years between MUC and GC. The chronology of core 343310 is 166 

based on a larger number of AMS14C dates and the core is characterized by a higher 167 

sedimentation rate than core 343300. Therefore, discussions on the timing of late 168 

Holocene oceanographic changes are based on core 343310. 169 

 170 
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3.2 Multi-proxy approach  171 

The combination of proxies presented here provides information on a range of 172 

oceanographic parameters. The individual studies were performed on samples from 173 

the same depths except where resolution differed between proxies. The alkenone 174 

biomarker derived data (%C37:4, U
k
37) provide information on salinity variations and 175 

relative sea-surface temperature (SST); diatom and dinocyst assemblages provide 176 

estimates of sea surface temperature, salinity and sea ice conditions, which are used 177 

qualitatively here; benthic foraminifera provide information on bottom conditions, in 178 

particular the relative strength of the Atlantic water component of the WGC, but also 179 

on supply of organic material linked to surface water productivity.  180 

 181 

3.2.1 Alkenone biomarkers  182 

Analytical method: Alkenones are specific organic compounds synthesized by 183 

haptophyte algae such as coccolithophores. In this study alkenone (Uk
37, %C37:4) 184 

analyses were carried out at the Biomarker Laboratory of the University of Kiel. At 185 

site 343300, samples were analyzed every 3 cm with a temporal resolution of about 186 

70 years, covering the time period from ca. 8 ka BP and at site 343310 every 4 cm 187 

with a temporal resolution of 12-15 years for the time period from ca. 3.6 ka BP. 188 

Long-chained alkenones (C37) were extracted from homogenized bulk sediment (2 to 189 

3 g), using an Accelerated Solvent Extractor (Dionex ASE-200) with a mixture of 9:1 190 

(v/v) of dichloromethane:methanol (DCM:MeOH) at 100°C and 100 bar N2 (g) 191 

pressure for 20 minutes. At c. -20°C extracts were cooled and subsequently taken to 192 

near dryness by Synore polyvap at 40°C and 490 mbar. We used a multi-193 

dimensional, double gas column chromatography (MD-GC) set up with two Agilent 194 

6890 gas chromatographs for C37:2, C37:3 and C37:4,  identification and quantification 195 

(Etourneau et al., 2010). Quantification of the organic compounds was achieved with 196 

the addition of an internal standard prior to extraction (cholestane [C27H48] and 197 

hexatriacontane [C36H74]). The proportion of each alkenone was obtained using the 198 

peak areas of the specific compounds. The Uk'
37

 index is calculated using the 199 

equation from Prahl et al. (1987): Uk'
37 = (C37:2)/(C37:2+C37:3), U

k
37

 index according to 200 

Brassell et al. (1986): Uk
37=( C37:2- C37:4)/( C37:2+C37:3+C37:4). However, Rosell-Melé 201 

(1998) and Bendle and Rosell-Melé (2004) point out that Uk
37 based estimates are 202 

more robust down to 6°C than Uk´
37 .  203 

Proxy for sea surface temperature: We present a high-resolution record of the 204 

alkenone unsaturation index Uk
37 to reconstruct relative SST changes for the middle 205 

to late Holocene. However, as noted earlier (Rosell-Melé, 1998) at C37:4 values 206 

above 5 % – which is the case here – alkenone based SSTs have increasing errors. 207 

Therefore we use the alkenone-based temperature reconstructions qualitatively 208 

(using the Uk
37)rather than quantitatively here.  209 

%C37:4 – Proxy for meltwater input: We also present the proportion of tetra-210 

unsaturated C37 ketones relative to the sum of alkenones (%C37:4) for the middle to 211 

late Holocene. This ratio serves as an indicator of changes in meltwater discharge 212 

from the GIS as the amount of C37:4 rises at lower surface salinities in polar and sub-213 
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polar waters (Rosell-Melé, 1998; Rosell-Melé et al., 2002; Sicre et al., 2002; Harada 214 

et al., 2003; Bendle et al., 2005; Blanz et al., 2005). 215 

 216 

3.2.2 Diatom analyses 217 

Preparation and counting method:  Diatom counting results of site 343310 are 218 

published in Krawczyk et al. (2013), and gravity core results of site 343300 are 219 

presented here for the first time. The 343300 samples were prepared using a 220 

chemical cleaning process (hydrochloric acid and hydrogen peroxide) and 221 

microscope slides were prepared following the method described in Krawczyk et al. 222 

(2013). The identification of species was carried out using light microscopy and 223 

scanning electron microscopy. For each sample over 300 valves were counted, 224 

excluding unidentifiable Chaetoceros resting spores (after Schrader and Gersonde, 225 

1978). Identification of diatom species follows Fryxell (1975), Syvertsen (1979), 226 

Hasle and Syvertsen (1996), Witkowski et al. (2000), Quillfeldt (2001), Throndsen et 227 

al. (2003). 228 

Ecological preferences: In arctic environments the diatom flora can be used to 229 

investigate surface water characteristics based on the ecological preferences of key 230 

indicator species (e.g. Koç Karpuz and Schrader, 1990; Justwan and Koç, 2008; 231 

Krawczyk et al., 2012, 2014). Two selected key species, Fragilariopsis cylindrus and 232 

Thalassiosira kushirensis resting spores (r.s.), are used here based on their specific 233 

ecological preferences associated with surface water characteristics (Hasle and 234 

Syvertsen, 1996; Krawczyk et al., 2014). Fragilariopsis cylindrus is associated with 235 

sea-ice (e.g. Koç Karpuz and Schrader, 1990; Jiang et al., 2001; Justwan and Koc, 236 

2008) and cold, open marine waters, and occurs mainly in arctic regions (Quillfeldt, 237 

2001, 2004). This species is abundant in Disko Bugt in spring-summer (Jensen, 238 

2003), suggesting that meltwater is important for blooms of this species (Krawczyk et 239 

al., 2013). Krawczyk et al. (2014) observed Fragilariopsis cylindrus in modern water 240 

samples mainly in the northern-most samples of the West Greenland coastal waters, 241 

associated with sea ice and/or strong meltwater flux. Thalassiosira kushirensis r.s. is 242 

known to have a sub-Arctic and Arctic distribution (Hasle and Syvertsen, 1996; 243 

Krawczyk et al., 2012; Weckström et al., 2014), and in previous studies from Disko 244 

Bugt this species has been linked to temperate waters (Krawczyk et al., 2010, 2013). 245 

It should be noted that in different regions of the North Atlantic three morphologically 246 

similar species have been identified: Thalassiosira kushirensis r.s. (e.g. Krawczyk et 247 

al., 2013); Thalassiosira antarctica var. borealis r.s. (e.g. Jiang et al., 2001) and; 248 

Thalassiosira gravida r.s. (e.g. Koç Karpuz and Schrader, 1990), each with slightly 249 

different ecological interpretations. However, in West Greenland modern water 250 

samples, the occurrence of T. kushirensis r.s. can be linked to relatively high surface 251 

water temperatures (Krawczyk et al., 2014), hence in this study we associate higher 252 

abundance of this species with warmer surface waters.  253 

 254 

3.2.3 Benthic foraminiferal analysis 255 
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Preparation and counting method: The benthic foraminiferal data presented 256 

here are from Lloyd et al. (2011) and Perner et al. (2011, 2013a) where details of 257 

sampling methods can be found.  258 

 Ecological preferences: Benthic foraminifera are influenced by a range of 259 

ecological parameters including factors such as food availability, nutrient content, 260 

oxygen content, water temperature and salinity (e.g. Murray, 1991; Rytter et al., 261 

2002; Sejrup et al., 2004). Research in West Greenland has used benthic 262 

foraminifera to reconstruct variations in water mass characteristics; specifically 263 

bottom water temperature and salinity associated with variability in the WGC flow 264 

(e.g. Lloyd et al., 2005; Lloyd 2006; Perner et al., 2011, 2013a). In these studies, 265 

foraminifera with similar ecological preferences are often grouped to identify changes 266 

in the relative temperature and salinity of the WGC associated with variations in the 267 

flux of IC and EGC components to the WGC. Perner et al. (2011) identified a chilled 268 

Atlantic water group to indicate an increase in the IC contribution to the WGC (whilst 269 

chilled Atlantic water indicates some mixing of Atlantic water with a colder water 270 

mass, along the west Greenland margin this is still the warm water end member)– 271 

here we also use the dominant species from this group, Islandiella norcrossi, 272 

indicative of an increase in the Atlantic water component (IC) in the WGC. This 273 

species is commonly found on high latitude continental shelf environments 274 

influenced by chilled Atlantic water (e.g. Vilks, 1981; Mudie et al., 1984; Jennings 275 

and Helgadottir, 1994; Hald and Korsun, 1997; Duplessy et al., 2001; Lloyd, 2006). 276 

To identify increased influence of relatively cold, lower salinity Arctic Waters (EGC 277 

component in the WGC, or Polar Water cf. Buch, 1981) we use the Arctic water 278 

agglutinated species group identified by Perner et al. (2011) and also additional 279 

indicator species such as Elphidium excavatum f. clavata and Islandiella helenae 280 

(see Perner et al., 2011 for detailed faunal abundances). These species are able to 281 

tolerate relatively unstable, cold, lower salinity water and arctic sourced waters (e.g. 282 

Williamson et al., 1984; Schafer and Cole, 1986, Alve, 1990; Jennings and 283 

Helgadottir, 1994; Korsun and Hald, 1998). Additionally, higher abundance of I. 284 

helenae is often linked to summer ice-edge productivity in areas of seasonal sea-ice 285 

cover (e.g. Polyak and Solheim, 1994; Steinsund et al., 1994). We also use the 286 

abundance of Nonionellina labradorica as an indicator of increased productivity – this 287 

species is widely distributed in the North Atlantic region and is closely associated 288 

with increased flux of fresh phytodetritus to the sea floor produced by surface water 289 

productivity blooms at oceanic fronts (e.g. Cedhagen, 1991; Hald and Steinsund, 290 

1992; Hald and Korsun, 1997). 291 

 292 

3.3.4. Dinocyst analyses 293 

 Preparation and counting method: The dinocyst data presented here are from 294 

Ouellet-Bernier et al. (2014), where details of sampling methods can be found.  295 

 Ecological preferences: The dinocysts are produced as part of the life cycle of 296 

dinoflagellates, which represent an important part of primary production together with 297 

diatoms and coccolithophorids. The organic-walled dinocysts are usually well 298 

preserved in marine sediments (e.g. de Vernal and Marret 2007 for an overview of 299 
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their use in paleoceanography). They represent only a fraction of original populations 300 

but reflect optimal conditions associated with reproduction. Dinocysts include both 301 

phototrophic and heterotrophic taxa. In subpolar and sea ice environments, they are 302 

particularly useful tracers as species diversity is relatively high and they are 303 

distributed depending upon several parameters including salinity, sea ice, 304 

temperature and productivity (de Vernal et al., 2013a, b). Hence, they were used to 305 

reconstruct late Quaternary sea-surface salinity, temperature and sea ice cover from 306 

sediment cores collected in northern Labrador Sea and Baffin Bay (Levac et al., 307 

2001; de Vernal et al., 2013b; Ouellet-Bernier et al., 2014; Gibb et al., 2014).  308 

Among dinocyst taxa occurring in seasonal sea ice environment, Islandinium 309 

minutum is common. It dominates quasi-exclusively together with Brigantedinium in 310 

areas marked by dense sea ice cover for most of the year (Buck et al., 1998; Rochon 311 

et al., 1999; de Vernal et al., 2001, 2013a). Other subpolar taxa include the cyst of 312 

Pentapharsodinium dalei, which is cosmopolitan and described as Arctic “warmer 313 

water” species (Dale, 1996; Rochon et al., 1999). In Disko Bugt samples, the 314 

common occurrence of Operculodinium centrocarpum and Spiniferites elongatus, 315 

which are accompanied by Nematosphaeropsis labyrintus and Spiniferites ramosus, 316 

point to the influence of mild conditions, likely under the influence of the Atlantic 317 

water through the WGC after 7.5 ka BP (Ouellet-Bernier et al., 2014).   318 

 319 

4. Alkenone results 320 

A number of previous studies have used %C37:4 to estimate qualitative salinity 321 

changes (Rosell-Melé, 1998; Rosell-Melé et al., 2002; Sicre et al., 2002; Harada et 322 

al., 2003; Bendle et al., 2005; Blanz et al., 2005). Here, the variations in %C37:4 are 323 

used as a tracer of salinity changes related to meltwater flux from the West 324 

Greenland ice sheet, since meltwater off the ice sheet is the dominant freshwater 325 

source in the region. High %C37:4 levels make SST estimates based on Uk
37 less 326 

reliable (Rosell-Melé, 1998, Bendle and Rosell-Melé, 2004). Nevertheless, given the 327 

close connection of low salinity and low temperature in meltwater plumes, Uk
37 328 

estimates are likely to reflect qualitative temperature (SST) changes.  329 

Between 8.0 and 7.5 ka BP, very high %C37:4 values and low Uk
37 suggest 330 

cold SSTs with strong ice and meltwater flux from the margins of the GIS. From 7.5 331 

to 6.5 ka BP maximum Uk
37 and low %C37:4 reflect milder SSTs and lower meltwater 332 

fluxes (Figure 2). A pronounced %C37:4 increase between 6.2 and 5.5 ka BP 333 

indicates a significant oceanographic change with colder SSTs and an increase in 334 

meltwater flux at the core site. From 5.5 to 2.8 ka BP, %C37:4 values decrease and, 335 

accordingly, Uk
37 increase slightly, suggesting reduced meltwater influx and higher 336 

SST. From 2.7 to 0.8 ka BP a peak of %C37:4 values corresponding to very low Uk
37 337 

values is present in both cores 343300 and 343310 (Figure 2). This suggests 338 

increased meltwater flux and SST decrease with particularly cold SSTs at about 1.8 339 

ka BP (Figure 2). Recurring low %C37:4 values and high Uk
37 from 0.8 to 0.3 ka BP 340 

suggest meltwater flux decrease and SST warming. At site 343310, the multicore 341 

record of the last 100 years (Figure 2) displays significant increase in %C37:4 values 342 

suggesting enhanced meltwater supply during the last few decades.  343 
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 344 

5. Discussion 345 

The multi-proxy approach presented here, using a combination of multiple 346 

surface water proxies and a bottom water proxy obtained from the same set of 347 

samples, allows comprehensive investigation of oceanographic changes in the Disko 348 

Bugt area. In particular this combination highlights the interaction of surface and 349 

bottom (West Greenland Current) water circulation on a multi-centennial scale during 350 

the middle to late Holocene. The marine records are compared with air temperature 351 

estimates from the Camp Century ice core and from lake sediment records.  352 

The multi-proxy records presented here illustrate that the different proxies do 353 

not always show the same patterns, both between the two cores and also between 354 

proxies from the same cores. There are a number of observations to be made 355 

regarding this issue. Differences between the two cores can be partly explained from 356 

their respective locations. Core 343300 was recovered from a water depth of 519 m 357 

on the southern edge of the Egedesminde Trough, while core 343310 was recovered 358 

from a water depth of 855 m from the deepest part of the trough (Figure 1). Both 359 

cores have robust chronologies and relatively consistent sedimentation rates, 360 

averaging 0.57 mm/yr in core 343300 and 2.7 mm/yr in core 343310. The lower 361 

sediment accumulation rate in core 343300 results in greater smoothing of the 362 

record (1 cm slice equates to 17.5 years) than in core 343310 (1 cm slice equates to 363 

3.7 years). The difference in smoothing might explain the generally higher amplitude 364 

of variations recorded in core 343310.  365 

The high and different rates of sedimentation at the two sites suggest that a 366 

significant proportion of the sediment is not related to pelagic fluxes. A high 367 

proportion of sediment is fine grained material delivered to the depocentre of the 368 

Egedesminde Trough by ocean currents (the WGC) from the south. Hence the 369 

record of surface water proxies reconstructed from the cores presented here most 370 

likely integrates a regional south-west Greenland signal rather than reflecting local 371 

pelagic fluxes. Bottom water records based on benthic foraminifera are likely to 372 

reflect in-situ bottom water conditions but may differ because water depths of the two 373 

sites differ. Moreover, the temperature of the WGC impinging on the sea floor at the 374 

two locations is different. The core of the WGC tends to lie between 200 and 400 m 375 

(CTD profile see Figure 1 inset) hence bottom water temperatures at core 343300 376 

(519 m) are likely to be slightly higher than for core 343310 (855 m), as also 377 

indicated in Figure 3I.  378 

Meltwater from land ice has a significant influence on surface water conditions 379 

in this region, as identified by the various surface water proxies. Land ice meltwater 380 

flux to this region is largely controlled by the dominant northward flowing current 381 

regime. The WGC carries meltwater delivered to the West Greenland margin from 382 

melting land based ice and tidewater glaciers along the West Greenland coastline. 383 

Hence, the surface water proxies record a meltwater signal at a regional scale. 384 

However, a significant contribution of meltwater from calving glaciers in eastern 385 

Disko Bugt to the study sites can be expected after strong glacier re-advances such 386 
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as during the Little Ice Age (see below). The meltwater signal may also include that 387 

of summer sea ice melt. Whatever the source, the presence of meltwater results in 388 

the development of a buoyant low salinity surface layer in summer and a strong 389 

halocline and thermocline in the photic zone (Figure 1 inset), in addition to large 390 

amplitude gradients of seasonal temperatures. This complex upper water column 391 

structure might explain differing signals recorded by biogenic tracers from the upper 392 

water layer.   393 

 394 

5.1 Middle to late Holocene oceanographic changes, atmospheric temperature and 395 

glacier behaviour in West Greenland, in a wider North Atlantic context 396 

The full record of the past 8.3 ka BP shows trends in ocean circulation at the 397 

entrance to Disko Bugt related to variations of the WGC, surface water conditions 398 

and meltwater production. These trends broadly follow the surface air temperature 399 

proxy-record from the Camp Century ice core (Figure 3; for location of Camp 400 

Century see inset of Figure 1). This ice core location is close to the West Greenland 401 

coast and, therefore, surface air temperature changes recorded at Camp Century 402 

are likely to have been also related to changes in the oceanic conditions. The initial 403 

warming trend at the base of the Camp Century record shown in Figure 3J is an 404 

extension of the general warming trend of the early Holocene when insolation was at 405 

a maximum and the Northern Hemisphere was still recovering from the deglaciation 406 

of the mid-latitude ice sheets, though the record may also be influenced by 407 

decreasing altitude as the ice sheet thinned during the Holocene (Vinther et al. 408 

2009). The relatively cold (but warming) interval in the ice core corresponds to 409 

generally cold oceanic conditions with high meltwater flux off West Greenland 410 

(Figure 3). At Camp Century, a Holocene Thermal Maximum is recorded from ca. 6.8 411 

to 3.5 ka BP and is followed by Neoglacial cooling as evident from other ice cores 412 

(Vinther et al., 2009; Dahl-Jensen et al., 1998) and terrestrial records from West 413 

Greenland (Kaufman et al, 2004; Axford et al., 2013; Larsen et al., 2015). A 414 

significant reduction of melt water discharge in the fjords around Nuuk at about 3.2 415 

ka BP (Møller et al. 2006). This shift towards cooler conditions matches the general 416 

pattern of ocean tracers presented here (Figure 3 and 5).   417 

Superimposed on the long-term trend, four distinct cold pulses of variable 418 

intensity can be identified from the Camp Century record and correspond to changes 419 

seen in our marine proxy data: i) 8.3 to 7.5 ka BP, ii) ca. 6.2 to 5.5 ka BP, iii) ca. 3.5 420 

to 2.6 ka BP, and iv) ca. 0.7 to 0.2 ka BP (grey shaded bars in Figures 3, 4 and 5). 421 

These periods also correspond to periods of glacier retreat or re-advances in West 422 

Greenland (see below). The cold pulses are generally in phase with sub-surface 423 

WGC related trends as recorded from benthic foraminifers (e.g. Figures 3H, 3I and 424 

4E, 4F), but not necessarily with the changes recorded by the  surface water tracers. 425 

We relate the equivocal phase relationships to the influence of meltwater from both 426 

sea ice and land ice on surface water conditions at regional scale (discussed in more 427 

detail below; cf. also Ouellet-Bernier et al., 2014). Based on the marine proxy data 428 
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we divided the last 8.3 ka BP record into 8 zones (Figures 3 and 4), which reflect 429 

regional changes as discussed below: 430 

Zone I: Early Holocene, 8.3 – 7.5 ka BP. The early part of the record is 431 

characterized by in-phase relationship of all tracers, which together indicate cold 432 

surface and sub-surface water conditions (Figure 3). Relatively cold sub-surface 433 

water conditions are recorded by the benthic foraminifera with high abundance of 434 

Arctic water foraminifera, though some variability is also present with occasional 435 

spikes in I. norcrossi abundance (Figure 3H, and I). This interval corresponds with 436 

cold surface water conditions as indicated by the diatom assemblage (Figure 3D) 437 

and dinocyst assemblages (Figures 3B and 3C). It is also characterised by cold 438 

surface air temperatures as recorded in the Camp Century ice core (Figure 3J). The 439 

alkenone concentrations in this interval are low. Nevertheless, the calculated values 440 

of %C37:4 are relatively high (>15%, Figures 2 and 3F), suggesting that the study 441 

area was strongly influenced by enhanced meltwater supply from sea-ice or from the 442 

GIS, which is consistent with dinocyst assemblages exclusively dominated by 443 

I.minutum and Brigantedinium that reflect dense sea ice cover throughout most of 444 

the year except during a brief summer season (Ouellet-Bernier et al., 2014). An 445 

abundance peak of N. labradorica at ca. 7.5 ka BP (Figure 3G) suggests that the 446 

edge of the arctic sea-ice front lingered on the shelf west of Disko Bugt. Cold surface 447 

and sub-surface water conditions coincide with the final phase of deglaciation of the 448 

Laurentian ice sheet (e.g. Dyke, 2004; Jennings et al., 2015) and landward recession 449 

of the Greenland ice margins in eastern Disko Bugt (e.g. Weidick and Bennike, 2007; 450 

Young et al., 2011; Young and Briner, 2015) and along the West Greenland margin 451 

generally (e.g. Seidenkrantz et al., 2013). 452 

Zone II: Early to middle Holocene transition, 7.5 – 6.2 ka BP. This interval is 453 

characterized by in-phase relationship of all proxies suggesting relatively warm 454 

surface and sub-surface conditions. Sub-surface water conditions are variable but 455 

generally warm as recorded by the benthic foraminifera (Figure 3I, and H), which 456 

coincides with increasing air temperatures over northwestern Greenland (Figure 3J). 457 

Surface water conditions are rather stable with little indication of melt water supply 458 

(Figure 3F), and relatively low SSTs in summer as shown by the Uk
37 (Figure 3A), 459 

dinocysts (Figures 3B, and C) and diatoms (Figure 3D). Low abundance of sea-ice 460 

associated diatoms also indicates low spring sea ice occurrence (Figure 3E) 461 

although winter sea ice was a consistent feature according to dinocyst data (Figure 462 

3C). This zone is representative of warm conditions in summer and can be 463 

associated with the delayed Holocene Thermal Maximum identified over the 464 

Canadian Arctic (e.g. Kaufman et al., 2004) and from the Greenland ice cores (e.g. 465 

Dahl-Jensen et al., 1998;  Alley et al., 1999; Vinther et al., 2009) and lake records 466 

(e.g. Kaplan and Wolfe, 2006). The ice sheet margin in the Disko Bugt area had 467 

retreated to a position behind the current ice margin (e.g. Weidick and Bennike, 468 

2007; Corbett et al., 2011; Young et al., 2011, 2013b; Kelley et al., 2013; Larsen et 469 

al., 2015) as elsewhere in Greenland. A retreat of the ice sheet further from the 470 

coastline may have led to a reduced signal of regional meltwater supply preserved in 471 

our records. During this interval a relatively warmer WGC signal in the study area is 472 
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consistent with warm conditions in the North Atlantic and a stronger Irminger Current 473 

component to the WGC (the major source of warm water to the WGC) (e.g. 474 

Castañeda et al., 2004; Jennings et al., 2011; Olafsdottir et al., 2010). 475 

Zone III: Middle Holocene, 6.2 – 5.5 ka BP. This interval is marked by an 476 

abrupt sub-surface cooling event as suggested by the decline of I. norcrossi, which is 477 

a relatively warm water benthic foraminifera, as colder water fauna such as 478 

Islandiella helenae, Elphidium excavatum f. clavata (see Perner et al., 2013a for 479 

faunal record) and other agglutinated arctic fauna (Figure 3G) increase. There is also 480 

evidence of high productivity in surface water as indicated by an increase in N. 481 

labradorica (Figure 3H) and also from productivity estimates based on dinocyst 482 

assemblages (Ouellet-Bernier et al., 2014). Increased productivity at the sea ice 483 

(‘West Ice’) edge close to the site is also evident by an increase in planktonic 484 

foraminifera Neogloboquadrina pachyderma (Perner - unpublished data). Surface 485 

waters are influenced by increase in meltwater supply as %C37:4 values record an 486 

increase (Figure 3F), which is somewhat consistent with the low salinity estimates 487 

from  dinocyst based reconstruction of salinity showing minimum of about 27 psu at 488 

5.5 ka BP (Ouellet-Bernier et al., 2014).. This interval coincides with an increase in 489 

sea-ice associated diatoms and reduction in relatively warm diatom flora (Figures 3D 490 

and 3E). Paradoxically, the dinocyst assemblages (Figures 3B, and C) show 491 

maximum abundance of subpolar-temperate taxa together with evidence of 492 

increased winter sea-ice, which might reflect particularly large annual amplitude of 493 

temperatures in the surface water layer then characterized by low salinity and low 494 

thermal inertia. 495 

A cooling pulse is also seen in the Camp Century ice core record with a 496 

pronounced decrease of 18O values at 5.8-5.6 ka BP (Figure 3J). It might reflect 497 

weaker and/or cooler WGC due to a southward migration of the sea ice marginal 498 

zone, which affected the local hydrography in Disko Bugt. This is compatible with 499 

increased surface water productivity due to ocean mixing and associated flux of 500 

nutrients in response to spring ice melt (e.g. Hansen et al., 1999; Levinsen et al., 501 

2000). The low isotopic excursion recorded in the Camp Century ice core after 6 ka 502 

BP is likely linked to the temporary cooling-freshening in oceanic conditions affecting 503 

northeast Baffin Bay. The colder WGC conditions may well be related to a cooling 504 

identified in the East Greenland Current at about this time (Müller et al., 2012; Ran et 505 

al., 2006), and to a marked temperature drop in the northern North Atlantic (e.g. 506 

Moros et al., 2004, Telesiński et al., 2014) that is likely linked to the most 507 

pronounced North Atlantic Holocene IRD event (Bond et al., 2001).  508 

Zone IV: Middle Holocene, 5.5 – 3.5 ka BP. This zone is marked by a return to 509 

relatively warm sub-surface conditions (Figure 3I). Diminishing %C37:4 values suggest 510 

a gradual decrease of meltwater influence (Figure 3F). Diatom and dinocyst 511 

assemblages both show relatively mild surface water despite a gradual trend 512 

towards cooler conditions (diatoms - Figure 3D, dinocysts – Figures 3B and 3C). The 513 

reduction in N. labradorica indicates lower surface water productivity (Figure 3G) as 514 
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also reconstructed based on dinocyst assemblages (Ouellet-Bernier et al., 2014). 515 

This, combined with the reduced meltwater influence, suggests that the productive 516 

ice edge frontal zone had migrated further north. This migration could be due to the 517 

increased strength and/or warmth of the WGC but may have been further influenced 518 

by changes in meltwater flow and the end of ice blocking of the Vaigat Strait at ca. 519 

6.0 ka BP (Perner et al., 2013b), leading to an increased iceberg flux northwards 520 

through the Vaigat rather than westwards across the Disko Bugt shelf (Figure 1).  521 

The relatively warm oceanic conditions during this time also correspond to 522 

relatively warm air temperatures (e.g. Camp Century ice core, Figure 3J). Several 523 

lake records near Jakobshavn Isbræ display high loss on ignition values 524 

representing high productivity under relatively warm terrestrial conditions and 525 

relatively high chironomid-based temperature reconstructions from one of the Lakes, 526 

North Lake (Axford et al., 2013). High lake levels linked to warmer conditions are 527 

also reported in the Kangerlussuaq region, just south of Disko Bugt (Aebly and Fritz, 528 

2009). Geomorphological studies in the eastern Disko Bugt area report a largely 529 

land-based ice sheet and reduced meltwater runoff from the GIS after 6 ka BP 530 

(Briner et al., 2010; Weidick and Bennicke, 2007; Weidick et al., 1990). Briner et al. 531 

(2015) also reconstruct minimum ice extent from c. 5 – 3 ka BP based on a 532 

chronology from reworked shells. A strong and relatively warm IC likely causing the 533 

warm/strong WGC is reported from the East Greenland shelf (Jennings et al., 2002, 534 

2011) and southwest and south of Iceland (e.g. Knudsen et al., 2008b; Olafsdottir et 535 

al., 2010). 536 

Zone V: Middle to late Holocene transition, 3.5 - 2.6 ka BP. This zone is 537 

characterized by a shift toward cooler conditions as shown by some proxies. The 538 

warm sub-surface water conditions of the previous zone end with a rather abrupt 539 

decrease of I. norcrossi in benthic foraminifera assemblages at ca. 3.5 ka BP 540 

(Figures 3H and 3I; Perner et al., 2013a, also show an increase in other arctic 541 

foraminifera such as Elphidium excavatum f. clavata at this time). The sub-surface 542 

cooling coincides with very low %C37:4 values (Figure 3F) the occurrence of cold 543 

diatom assemblages (Figure 3D), with increasing sea-ice species (Figure 3C). 544 

Cooling is also recorded from the Camp Century ice core record (Figure 3J).  545 

This cold period differs from the one identified in zone III by having no 546 

indication of meltwater supply. This cool episode recorded in the archives from Disko 547 

Bugt and the wider West Greenland terrestrial archives appears to be the 548 

culmination of a longer climate cooling trend in the North Atlantic (Wanner et al., 549 

2011). The cooling of the WGC most likely results from a weaker IC and/or stronger 550 

EGC and coincides with the beginning of Neoglaciation as shown by IRD deposition 551 

off southeast Greenland (e.g. Andersen et al., 2004, Jennings et al., 2002, 2011; 552 

Jiang et al., 2002). Colder oceanic and atmospheric conditions led to an advance of 553 

land based ice marking the initial phase of the Neoglacial (Briner et al., 2011; 554 

Weidick and Bennike, 2007; Young et al., 2011). This is in line with relatively low 555 

meltwater production. A marked reduction in meltwater discharge at ca. 3.2 ka BP 556 

has also been documented in a southwest Greenland fjord (Møller et al., 2006). 557 
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Colder and dryer conditions are also indicated by relatively low lake levels in the 558 

Kangerlussuaq area (Aebly and Fritz, 2009) and decreased LOI values from lakes in 559 

the Disko Bugt area reflecting low primary productivity (Axford et al., 2013). 560 

Zone VI: Late Holocene, 2.6 - 0.7 ka BP. Oceanic conditions during this 561 

period were highly variable. The first part of this zone from 2.6 to 1.7 ka BP is 562 

characterized by centennial scale fluctuations and general warming of sub-surface 563 

waters (Figures 4E and 4F). The meltwater influence identified from %C37:4 values is 564 

also variable, but overall increases to relatively stable and high levels from ca. 2 ka 565 

BP (Figure 4D). The diatom flora suggest surface waters initially warm in phase with 566 

sub-surface waters until 1.7 ka BP (Figure 4B), however, the dinocyst assemblage 567 

shows a continuation of the gradual cooling trend from the previous zone culminating 568 

in cool conditions at about 1.5 ka BP (Figures 3B and 3C; see also reconstructions in 569 

Ouellet-Bernier et al., 2014). Benthic foraminifera then record gradual cooling of sub-570 

surface waters, but with centennial scale fluctuations superimposed on the longer 571 

term cooling. This trend culminates in cold conditions from 0.7 ka BP during the LIA 572 

(Figures 4E and 4F). The diatom flora show highly variable conditions from 1.6 ka 573 

BP onwards and a trend of increasing sea ice-associated flora reaching a peak at 574 

the end of this zone (Figures 4B and 4C). An expansion of sea ice is supported by 575 

data from the fjords around Nuuk, more to the south, where a marked increase of 576 

sea ice occurred and regional lake records indicate significant cooling shortly after 577 

0.8 ka BP (Kuijpers et al. 2014). 578 

The initial warming in sub-surface conditions from 2.6 to 1.6 ka BP coincides 579 

with a slight increase in 18O in the Camp Century ice core (Figure 4G). The 580 

variability in the sub-surface WGC record is generally consistent with centennial 581 

scale climate changes from the eastern North Atlantic region, such as the Roman 582 

Warm Period (RWP), Dark Ages (DA), Medieval Climate Anomaly (MCA) and Little 583 

Ice Age (LIA) (Figure 4). The WGC and the atmospheric conditions in West 584 

Greenland seem closely coupled to the oceanographic changes in other areas of the 585 

North Atlantic, such as the Reykjanes Ridge, where a pronounced warming pulse is 586 

also recorded at ca. 2 ka BP (Moros et al., 2012). There is a peak of relatively warm 587 

sub-surface water from ca. 1.8 to 1.65 ka BP that occurs during a period of 588 

increased %C37:4 values that could relate to high meltwater flux. This time interval 589 

corresponds to the RWP, which is the warmest period of the late Holocene recorded 590 

at our sites. The influence of relatively warm oceanic conditions at ca. 2 ka BP were 591 

also reported based on sedimentological proxies from Narsaq Sound, southwest 592 

Greenland (Norgaard-Pedersen and Mikkelsen, 2009). Increased meltwater release 593 

most likely results from WGC-induced melting of marine-based outlet glaciers and 594 

icebergs after the ice sheet margin had re-advanced and major glaciers extended 595 

again into the fjords during Neoglacial cooling. The period from 1.3 ka BP (coinciding 596 

with the MCA) marks a transitional period with gradually cooling sub-surface waters, 597 

highly variable meltwater flux, sea-ice cover and sea surface conditions.  598 

The period after ca. 2.0 ka BP, when meltwater flux was at a maximum, 599 

seems to be characterized by particularly harsh terrestrial conditions in the Disko 600 
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Bugt area. Weidick and Bennike (2007) report youngest ages from lakes in 601 

southeast Disko Bugt of ca. 2.2 ka BP, indicating limited sedimentation thereafter 602 

and lakes near Jakobshavn Isbrӕ also show very low accumulation from this time 603 

onwards (Axford et al., 2013) which could reflect nearly year-round frozen conditions. 604 

The high meltwater flux initiated by the strong sub-surface ocean warming may have 605 

contributed to a rather moderate atmospheric temperature warming recorded at 606 

Camp Century around 2 ka BP. After ca. 1.0 ka BP, with transition into the LIA, sub-607 

surface waters continue to cool, while surface waters show a clear warming. Diatom 608 

(Figure 4B) and dinocyst floras both show this warming (Figure 3C and core 343310, 609 

Ribeiro et al., 2012; Ouellet-Bernier et al., 2014). This transition to an anti-phase 610 

relationship most likely reflects a marked hydrographic variability (Krawczyk et al., 611 

2013) related to a regionally unstable climate regime (e.g. increased storminess and 612 

enhanced mixing of water masses). 613 

Zone VII: Late Holocene, 0.7 – 0.2 ka BP. A clear cooling is seen in sub-614 

surface waters during this interval (Figures 4E and 4F), correlating with cold 615 

atmospheric conditions seen in the Camp Century ice core (Figure 4G). In contrast 616 

surface water conditions are characterized by a relative warming (Figure 4B) along 617 

with a decrease in sea-ice occurrence from a peak at the beginning of this interval 618 

(Figure 4C). Ribeiro et al. (2012) present dinocyst assemblages covering this period 619 

showing warming at the beginning but cooling from c. 0.5 ka BP until 0.1 ka BP. 620 

Meltwater influence is low during this interval (Figure 4D). Benthic foraminifera 621 

suggest sub-surface conditions during this period were colder than the rest of the 622 

record, with the exception of zone 1 (Figures 3G and 3H). One significant difference 623 

with this earlier cooling event, however, is the out-of-phase relationship with surface 624 

water conditions in Zone VII.  625 

The timing of Zone VII corresponds closely with the LIA.The significant 626 

advance of the GIS and outlet glaciers in the Disko Bugt area at this time (Briner et 627 

al., 2010; Young et al., 2011) and low lake levels in the Kangerlussuaq region (Aebly 628 

and Fritz, 2009) may have been caused by a combination of the cold oceanic and 629 

atmospheric conditions in the area corresponding to the LIA. Relatively cold sub-630 

surface waters (reflecting a cool WGC) led to the reduced meltwater influx by melting 631 

of icebergs/outlet glaciers and sea-ice at this time. This lack of meltwater has been 632 

invoked to explain the increase in SST identified from the diatom flora (Figure 4B, 633 

Krawczyk et al., 2010) and, may also explain the initial warm dinocyst flora (Ribeiro 634 

et al., 2012). The reduced meltwater flux may also explain the slight decrease in sea-635 

ice associated diatoms during this period – though sea-ice is still present (Figure 636 

4C). 637 

Zone VIII: 20th Century.  Sub-surface water conditions over the last 100 years, 638 

in the context of the preceding conditions, remain relatively cold (Figure 4E, F and 639 

5C). However, there is a slight warming in sub-surface conditions, particularly since 640 

AD 2000, as discussed in more detail in Lloyd et al. (2011), which  is accompanied 641 

by a significant increase in meltwater production (Figure 4D). The minor sub-surface 642 

ocean warming is also demonstrated by instrumental data over recent decades and 643 
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correlates with a significant retreat of the tidewater calving margin of Jakobshavns 644 

Isbrae. The historical retreat of the calving margin of Jakobshavns Isbrae during the 645 

20th Century is well constrained and coincides with a period of significant increase in 646 

%C37:4, the alkenone based meltwater proxy, supporting our interpretation of this 647 

proxy from our records. This also corresponds to low SST estimates based on the 648 

alkenone data (Figure 3A) also supporting our interpretation of increased meltwater 649 

production leading to colder surface water temperatures earlier in the records 650 

presented here. This highlights the sensitivity of the ice margin to relatively small 651 

changes in ocean forcing. As discussed in Lloyd et al. (2011), the conditions in Disko 652 

Bugt correlate well with broader North Atlantic conditions as recorded in the Atlantic 653 

Multidecadal Oscillation (Gray et al., 2004) and the Arctic-wide surface air 654 

temperature anomaly from Polyakov et al. (2002). 655 

 656 

5.2. Linking environmental changes to the history of human occupation in West 657 

Greenland 658 

The cultural history of Greenland began 4.5 ka BP with the immigration of the 659 

Saqqaq from high Arctic North America. The history of human occupation in 660 

Greenland is characterized by arrival and disappearance of several cultures rather 661 

than continuous human settlement. It has been suggested that environmental 662 

change was the major cause for this pattern (McGovern, 1991; McGhee, 1996; 663 

Jensen, 2006). In Disko Bugt, numerous dwellings and artifacts have been 664 

recovered from the Saqqaq and Dorset people who inhabited the region between 4.5 665 

and/3.4 ka BP and 2.8 - 2.2 ka BP, respectively (Jensen et al., 1999; Jensen 2006).  666 

Based on the oceanographic and climatic inferences presented here the 667 

Saqqaq settled in West Greenland during a time of relatively mild conditions towards 668 

the end of the Holocene Thermal Maximum, when only winter sea-ice cover 669 

prevailed. Such an environment agrees well with the archaeological records that 670 

describe the Saqqaq people as preferential open water hunters (e.g. Meldgaard, 671 

2004; Jensen, 2006). In the later period of their settlement, the proxy records 672 

indicate increasing climate instability and cooling. Excavations from Qeqertasussuk 673 

in Sydostbugten have shown that from 4.2 to 3.5 ka BP this site was inhabited 674 

primarily in spring and summer, which was the season when harp seal was the 675 

primary game (e.g. Meldgaard, 2004; Jensen, 2006). The environmental change to 676 

colder and more unstable conditions we reconstruct after ca. 3.5 ka BP (Figure 4) is 677 

likely to have affected their food source and supports the view that the Saqqaq 678 

people left Disko Bugt due to deteriorating climatic conditions (Meldgaard, 2004).  679 

While the link between appearance/disappearance of the Saqqaq culture to 680 

environmental changes appears straightforward (e.g. Meldgaard, 2004; Jensen, 681 

2006; Moros et al., 2006; D´Andrea et al., 2011), the influence of environmental 682 

changes on the Dorset culture is not entirely clear (e.g. D´Andrea et al., 2011). The 683 

Dorset people were better adapted to sea ice hunting than the Saqqaq (Jensen, 684 

2006). The oldest records of Dorset occupation provide a date of about 2.8 ka BP 685 

(Jensen et al., 1999) and coincide with cool sea and air temperatures and relatively 686 

extended sea ice cover evident from our marine records (see Figure 4).  687 
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From ca. 2.7 ka BP a shift in environmental conditions took place in the Disko 688 

Bugt area with increasing temperatures in sub-surface and surface waters (i.e. by 689 

diatom flora) together with indications for increased freshwater (meltwater) input 690 

(Figures 4C and 4E) and low sea-surface salinity (Ouellet-Bernier et al., 2014). A 691 

progressive warming at this time is also noted from dinocyst-based reconstruction in 692 

Disko Bugt (Ouellet-Bernier et al., 2014), and at the Kangerlussuaq lake from 693 

alkenones (D´Andrea et al., 2011) and further south along the Greenland margin 694 

from sedimentological data (Nørgaard-Pedersen and Mikkelsen, 2009). Moros et al. 695 

(2006) argued that the inferred warm sea-surface temperatures and limited sea ice in 696 

the Disko Bugt region were unfavorable to the Dorset, given that they were 697 

predominantly sea-ice hunters. Archaeological evidence (Jensen, 2006) provides 698 

three key pieces of information: (i) the latest population is noted in West Greenland 699 

at ca. 2.2 ka BP, (ii) in some areas Dorset food is dominated by caribou, indicating 700 

that the living resource base was diverse and not solely tied to sea-ice hunting; (iii) 701 

there is no northward migration of the Dorset at this time, which would seem likely 702 

during warming over West Greenland. Combining the archaeological evidence with 703 

the inferences from the new marine proxy data there appears to be a plausible 704 

alternative to the warming link proposed by Moros et al. (2006). The drop in 705 

temperature after 2 ka BP and associated harsh conditions on land (see above) may 706 

have had a negative effect on terrestrial living resources and thus may have been 707 

another factor that forced the Dorset to leave the area.   708 

The Norse migrated to West Greenland at about 1.0 ka BP, which 709 

corresponds to a time of transition recorded by all proxies that suggest a shift 710 

towards warm conditions in surface waters. The abandonment of the Western 711 

Settlement of the Norse at about 0.65 ka BP could be linked to climate deterioration 712 

evident from sub-surface ocean and Greenland air temperatures accompanied by 713 

significant glacier advances and sea ice expansion, which in West Greenland waters 714 

started already shortly after 0.8 ka BP (e.g Kuijpers et al., 2014).  715 

 716 

6. Conclusions 717 

The multi-proxy approach adopted here identifies the complex nature of the 718 

changes in ocean circulation and interaction between surface and sub-surface 719 

waters and also with the ice margin history of the GIS. We document broad scale 720 

coherent patterns in the interaction between the relatively warm WGC and surface 721 

conditions that are influenced by freshwater and meltwater discharge from the GIS. 722 

Increases in meltwater flux may lead to highly stratified upper water masses and 723 

large amplitude gradients of seasonal temperature and sea-ice cover. Therefore, 724 

atmospheric warming and/or enhanced strength of the WGC that may accelerate the 725 

melt of the ice margins result in low surface salinity, cooling and sharp stratification 726 

in the upper water masses. This will also influence surface water temperature, 727 

salinity, seasonality, sea ice extent, productivity, and timing of surface water algal 728 

blooms. This, of course, complicates the interpretation of proxy data, which may 729 
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capture different signals related to climate changes, e.g. depending on where in the 730 

water column the signal were acquired.    731 

The overall records show high frequency variations superimposed on longer-732 

term trends. The combination of different records help to identify key changes in 733 

benthic and pelagic environments related to large-scale climate changes. One 734 

striking feature is the linkage that may be established between the sub-surface water 735 

conditions (benthic foraminifera), the atmospheric temperature (Camp Century ice 736 

core) and the surface water conditions based on North Atlantic-associated dinocysts. 737 

The coherency of the long-term changes captured by these independent sets of data 738 

points to consistent vectors and strength in the atmospheric circulation and ocean 739 

circulation patterns. They all show that in the Disko Bugt region the onset of 740 

postglacial circulation pattern occurred at about 7.5 ka BP, with an optimum in the 741 

warm Atlantic component until about 4 ka BP. From 4 ka BP a general cooling 742 

started as a regional signature of the middle to late Holocene cooling. 743 

Beyond the above mentioned general trends, variations in the marine proxies 744 

record local to regional changes resulting from large scale climate events influencing 745 

ocean circulation, but also from more local effects of meltwater discharges from the 746 

GIS margins. Several phases can be distinguished, as summarized below (Figure 5).    747 

An early postglacial phase from 8.5 to 7.5 ka BP. This period is strongly 748 

influenced by the deglaciation of the Laurentide Ice Sheet and southern margins of 749 

the GIS, which together resulted in significant meltwater flux in Baffin Bay and along 750 

the West Greenland margin and led to variable but predominantly cold ocean and 751 

dense sea ice cover (Figure 5). 752 

The following period from about 7.5 to 3.5 ka BP corresponds to the regional 753 

Holocene Thermal Maximum as identified from terrestrial records in the West 754 

Greenland - Baffin Island area by Kaufman et al. (2004). This interval is 755 

characterized by relatively mild air and ocean conditions (Figures 5) and GIS 756 

margins more inland than the current position (e.g. Kelley et al., 2013; Larsen et al., 757 

2015). During this interval, the influence of meltwater may have remained low due to 758 

the inland position of the ice margin, but apparently increased during a period of 759 

relatively cold bottom waters and an air temperature cooling in west Greenland (5.9 760 

– 5.7 ka BP, Figure 5). This increase in meltwater could be the response to a re-761 

advance of the ice margin and ice flux from tidewater glaciers along the west 762 

Greenland coast. The warmest conditions in west Greenland in the ocean (WGC and 763 

surface waters) and atmosphere appear to occur between 5.5 and 4 ka BP (Figure 764 

5). The Saqqaq culture colonized the area at ca. 4.5 ka BP towards the end of this 765 

period, probably taking advantage of the relatively mild conditions.  766 

Late Holocene cooling after ca. 3.5 ka BP leading to re-advance of the ice 767 

margins (e.g. Kelly 1980) marks the end of the Holocene Thermal Maximum on a 768 

regional scale and coincides with Neoglacial ice advance (Figure 5). The onset of 769 

offshore cooling identified in our records coincides with the disappearance of the 770 

Saqqaq culture from West Greenland. The last 3500 years were apparently marked 771 

by large amplitude oscillations with regard to bottom and surface water conditions. 772 

Alternation of very cold (3.5-2.7 ka BP) and milder (2.7-1.2 ka BP) conditions are 773 
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most likely linked to variations in meltwater discharge and the advance of tidewater 774 

glaciers along the West Greenland margin (Figure 5). During the episodes of 775 

advanced ice margin, meltwater discharge and unstable coastal conditions prevailed. 776 

These variable conditions are likely to have had an impact on the history of human 777 

occupation along the West Greenland coastline. While it is still unclear what the key 778 

drivers influencing human occupation of West Greenland are, our records highlight 779 

clear changes in the offshore environment during this period of changing human 780 

settlement. The Dorset arrived during a relatively cold interval, and their 781 

disappearance at ca. 2.2 ka BP may have been related to harsh coastal conditions. 782 

The Norse culture arrived during the relatively mild conditions of the MCA, and 783 

seems to have also disappeared because of harsh conditions at the onset of the LIA 784 

(Figure 5). 785 

The multi-proxy approach discussed here sheds light on the interaction 786 

between the oceans, atmosphere and the GIS and identifies the complex influence 787 

of the ocean on glacial behaviour in the West Greenland region. Oceanographic 788 

conditions may also have been important for the history of human occupation.  789 
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 1253 

 1254 

Figure 1: Bathymetric map of Disko Bugt, adapted from Jakobsson et al. (2008) and 1255 

the present day oceanographic setting of the study area. The location of core 1256 

343300 at the southwest edge of Egedesminde Trough and of core 343310 in the 1257 

main Egedesminde Trough, are shown by red dots. The upper left inset shows the 1258 

oceanographic setting around Greenland. Abbreviations are as follows: EGC - East 1259 

Greenland Current; IC – Irminger Current; WGC – West Greenland Current; LC – 1260 

Labrador Current. Lower right inset: CTD profile at site 343310 from July 2007 the 1261 

year of sampling. 1262 
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 1264 

 1265 

Figure 2. Holocene alkenone derived records of relative sea surface temperature 1266 

(Uk
37 index) and salinity variations (%C37:4) from the core sites 343300 and 343310 in 1267 

Egedeminde Trough. The dark line is from core 343300 and the grey line is from 1268 

core 343310.  1269 
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Figure 5.  1277 
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Figure 3: Holocene palaeoenvironmental changes within the Disko Bugt area (longer 1278 

time series shown in dark shade are from core 343300, shorter time series shown in 1279 

grey shade are from core 343310). Surface water reconstructions (A – G): A) 1280 

Alkenone derived Uk
37 index; B) Relative abundance (%) of dinoflagellate cysts of P. 1281 

dalei, a warm end member species; C) Relative abundance (%) of dinoflagellate I. 1282 

minutum, a cold end member taxa (note inverted scale); D) Relative abundance (%) 1283 

of diatom T. kushirensis r.s., the warmer water end member species; E) Relative 1284 

abundance of diatom F. cylindrus – the colder water end member species associated 1285 

with sea ice; F) the biomarker %C37:4 – reflecting salinity variability; G) Relative 1286 

abundance (%) of the benthic foraminifer N. labradorica – indicating surface water 1287 

productivity variability. West Greenland Current properties (bottom water proxies) (H 1288 

– I): H) Relative abundance (%) of Arctic water agglutinated taxa – the cold water 1289 

end-member of the benthic foraminiferal assemblage (note inverted scale); I) 1290 

Relative abundance (%) of benthic foraminifera I. norcrossi - the warm water end-1291 

member and; J) ∂18O record of the Camp Century ice core shows variations of 1292 

atmospheric temperature from West Greenland. Vertical grey shaded bars mark 1293 

interpreted cold periods during the last ~8.3 ka BP. Dark grey horizontal bars at the 1294 

top of the diagram indicate Greenland glacier advances.  1295 

 1296 

Figure 4: Late Holocene palaeoenvironmental changes from core 343310. Surface 1297 

water reconstructions (A – D): A) Alkenone derived Uk
37 index records; B) Relative 1298 

abundance (%) of warmer water diatom species T. kushirensis r.s.; C) Relative 1299 

abundance (%) of the colder water, sea-ice associated diatom species F. cylindrus; 1300 

D) Relative abundance of %C37:4 – reflecting salinity variability. West Greenland 1301 

Current properties (bottom water proxies) (E – F): E) Relative abundance (%) of I. 1302 

norcorssi, warm water benthic foraminiferal end member and; F) relative abundance 1303 

(%) of Arctic water benthic foraminiferal agglutinated taxa (note inverted scale); G) 1304 

∂18O record of the Camp Century ice core showing variations of atmospheric 1305 

temperature from West Greenland. Vertical grey shaded bars mark interpreted cold 1306 

periods during the last ~3.5 ka BP. Dark grey horizontal bars at the top of the 1307 

diagram indicate Greenland glacier advances, shaded bars at the base of the 1308 

diagram indicate periods of Palaeo-Eskimo and Norse settlements in West 1309 

Greenland. Timing of known climate fluctuations: RWP - Roman Warm Period, DA – 1310 

Dark Ages, MCA – Medieval Climate Anomaly, LIA – Little Ice Age.  1311 

 1312 

Figure 5.  Summary of palaeoenvironmental interpretation: Upper panel) General 1313 

interpretation of the records split into the Deglaciation, Holocene Thermal Maximum 1314 

and Neoglaciation. Surface water conditions based on A) dinoflagellate warm (red) 1315 

and cold (blue) water taxa in core 343300 and on B) %C37:4 from core 343300 (black 1316 

shade) and core 343310 (grey shade); C) West Greenland Current properties based 1317 

on % I. norcrossi warm end member benthic foraminiferas species from core 343300 1318 

(red shade) and core 343310 (grey shade); D) ∂18O record of the Camp Century ice 1319 

core showing variations of atmospheric temperature from West Greenland. Vertical 1320 
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grey shaded bars mark interpreted cold periods during the last ~3.5 ka BP. Dark grey 1321 

horizontal bars at the top of the diagram indicate Greenland glacier advances, 1322 

shaded bars at the base of the diagram indicate periods of Palaeo-Eskimo and 1323 

Norse settlements in West Greenland. Timing of known climate fluctuations: RWP - 1324 

Roman Warm Period, DA – Dark Ages, MCA – Medieval Climate Anomaly, LIA – 1325 

Little Ice Age.  1326 
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