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Introduction
The Caribbean Sea forms an important gateway for the Atlantic 
Meridional Overturning Circulation (AMOC), as this region rep-
resents the transit area for low-latitude Atlantic surface and sub-
surface water masses and more distant southern-source waters on 
their way into the Gulf Stream–North Atlantic Current system. 
Water masses from the central Atlantic Ocean enter the northeast-
ern Caribbean Sea via a number of deep, narrow passages between 
the islands; the Anegada–Jungfern Passage (AJP) being the most 
significant of these gateways (Jury, 2011; Stalcup and Metcalf, 
1973; Wüst, 1964). The Caribbean Current entrains the inflowing 
water masses westwards, where they pass through the Strait of 
Yucatan and enter the Gulf of Mexico (Figure 1). Here, they form 
the Loop Current that merges with the Antilles Current, thereby 
creating the Florida Current–Gulf Stream system of the North 
Atlantic which forms the western branch of the North Atlantic 
Subtropical Gyre (Figure 1; Gordon, 1967; Kameo et al., 2004; 
Wüst, 1964).

In the Caribbean Basins and the Gulf of Mexico, the low lati-
tudinal intense insolation and a high evaporation rate further con-
tribute to the warmth and salinity of the already relatively warm 
surface waters advected from the central Atlantic. This leads to 
the warmth of the Florida Current and the Gulf Stream. Thus, the 

Caribbean region, including the AJP, plays a crucial role for 
meridional water mass exchange and transport of heat and salt 
from the tropics to the northern North Atlantic (Fratantoni et al., 
1997; Johns et al., 2002).

The northern Caribbean climate today is warm and humid, 
with a mean annual air temperature of 27°C and an annual  
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precipitation of about 1100 mm (Gamble and Curtis, 2008). Sea-
surface temperatures (SST) at 10 m water depth range between 
26.1°C and 28.3°C with a mean annual of 27.4°C (World Ocean 
Atlas, 1998). The Caribbean region is every year affected by trop-
ical storms and hurricanes originating from the wider tropical 
Atlantic region (Inoue et al., 2002). Caribbean climate is directly 
controlled by the position of the inter-tropical convergence zone 
(ITCZ), where converging NE and SE trade winds creates a low-
pressure convection zone with high precipitation rates (Philader 
et al., 1996; Schmidt et al., 2006). With variations of about ±2° 
latitude, the modern ITCZ has an average position at approxi-
mately 5°N, with a furthest northerly approach in boreal summer 
at 12°N (Arbuszewski et  al., 2013). In addition to the seasonal 
variations in the position of the ITCZ, the long-term N–S migra-
tion of the ITCZ is largely determined by decadal to millennial 
changes in solar forcing (Haug et  al., 2001; Schneider et  al., 
2014). In the early-Holocene, orbital precession led to increased 
Northern Hemisphere insolation and warming and correspond-
ingly northward migration of the ITCZ. At shorter centennial to 
decadal time scales, ITCZ variations can be linked to relative 
warming of the Northern or Southern Hemisphere, with preferred 
migration into latitudes of the warmer hemisphere (Arbuszewski 
et al., 2013). Variations in the tropical SST and the location of the 
ITCZ have also been linked to climate variability at mid- and high 
latitudes, most pronounced on millennial to glacial/interglacial 
timescale (e.g. Haug et al., 2001; Lea et al., 2003; Schneider et al., 
2014; Ziegler et  al., 2008). Previous studies by Knudsen et  al. 
(2011) showed that variations in ITCZ position can also be cor-
related to changes in North Atlantic SST pattern and precipitation 
on multi-decadal time scales. In terms of SST variations, this 
implies further N–S migration of the ITCZ away from the colder 
hemisphere (Arbuszewski et al., 2013).

Caribbean climate is further affected by far-field effects of 
more distant ocean–atmosphere interaction phenomena, the El 

Niño–Southern Oscillation (ENSO; Giannini et  al., 2000; Jury 
et al., 2007; Malmgren et al., 1998; Taylor et al., 2002) and the 
North Atlantic Oscillation (NAO; Giannini et al., 2001; Marshall 
et  al., 2001; Rogers, 1984), centred in the tropical Pacific and 
North Atlantic regions, respectively. Warmer-than-average tem-
peratures and reduced tropical storm frequency occur during El 
Niño years, and colder-than-average temperatures prevail during 
La Niña years (Giannini et al., 2000; National Weather Service 
San Juan, PR Weather Forecast Office, 2010). During El Niño 
years, the Caribbean also experiences higher-than-average pre-
cipitation rates in the dry season (December–April) and low pre-
cipitation rates in the wet season (May–November), while the 
opposite pattern is seen during La Niña years (Giannini et  al., 
2000; National Weather Service San Juan, PR Weather Forecast 
Office, 2010).

The NAO has a weaker, primarily seasonally dependent influ-
ence on Caribbean climate (Giannini et  al., 2001; Jury et  al., 
2007; Marshall et al., 2001; Rogers, 1984). During years with a 
positive winter NAO index, strong westerlies and SW–NE-ori-
ented moisture transport in the North Atlantic lead to lower-than-
average annual precipitation in the Caribbean, while Caribbean 
SST is slightly reduced (Malmgren et al., 1998).

Despite the significance of the region for the AMOC and for 
the general climate of the central and North Atlantic region, long-
term studies of northeastern Caribbean ocean circulation and 
Holocene climate are limited. This especially applies to the AJP, a 
major conduit for water mass transport into the Caribbean. This 
study will present a record of Holocene surface and subsurface 
water mass variability and SST variations in the northeastern 
Caribbean based on several analytical techniques applied to the 
planktonic foraminifera fauna preserved in two marine sediment 
cores. The main purpose is to investigate possible links of changes 
in tropical (sub)surface water flow in the AJP with ocean and cli-
mate signals from the wider North Atlantic region.

Figure 1.  Map of the southwestern North Atlantic showing the present-day bathymetry and surface ocean circulation (grey arrows). The 
location of the study region, the Anegada–Jungfern Passage in the NE Caribbean, is marked by a red rectangle (core sites north of St Croix: 
gravity core Ga307-Win-12GC from 3960 m water depth and box core Ga307-Win-02BC from 1026 m water depth). Green rectangles: other 
climate records, mentioned in the text: Lake Miragoane, Haiti (from Hodell et al., 1991), Florida Strait (Schmidt et al., 2012), Lake Chichancanab 
(Hodell et al., 1995), Grenada (Fritz et al., 2011) and Cariaco Basin (Haug et al., 2001).
AC: Antilles Current; CC: Caribbean Current; FC: Florida Current; LC: Loop Current.
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Hydrographic setting and 
modern planktonic foraminiferal 
distribution of the AJP
The Caribbean basins are ventilated by water masses from the 
Atlantic entering the Caribbean via several deep passages. The 
AJP is considered to be one of the primary gateways for this 
inflow of Atlantic water to the eastern Caribbean Sea (Dietrich, 
1963; Stalcup et  al., 1975). This ENE–WSW-oriented channel 
conduit displays two topographic features: the Anegada Sill in the 
northeast and the Jungfern Sill at its southwestern end (Figure 
2a). The water mass inflow from the Atlantic Ocean into the 
Caribbean basins is limited by the Anegada Sill (Figure 2b). A sill 
depth of 1915 m allows an inflow of (upper) North Atlantic Deep 
Water (NADW) from the western Atlantic into the Virgin Islands 
Basin (Fratantoni et al., 1997). Similarly, the Jungfern Sill (Figure 
2b), at a depth of 1815 m between the Virgin Islands Basin and the 
deep Venezuelan Basin towards the southwest (Stalcup et  al., 
1975), also controls the water mass exchange, especially of the 
NADW and the Antarctic Intermediate Water (AAIW).

The water mass transport through the passage is characterised 
by a distinct stratification (Wüst, 1964). This is also illustrated by 
a 4162-m-deep CTD (conductivity–temperature–depth) profile 
(Figure 2), obtained in March 2007 from the deepest part of the 

Virgin Island Basin (17°57.79N, 65°00.58W) during Leg 16 of 
the Danish Galathea3 Expedition around the world (Kuijpers and 
Project Group, 2007). Five distinct water mass strata could be 
recognised in the AJP: the upper 50 m consists of Caribbean sur-
face water (CSW), which shows a maximum water temperature of 
26.8°C, which is within the range recorded in the World Ocean 
Atlas (i.e. 26.1–28.3°C with an annual average of SST = 27.4°C; 
Levitus et al., 1994; World Ocean Atlas, 1998). The CSW mass 
represents the local mixed layer, whose lower boundary is known 
as the seasonal thermocline. In the northeastern Caribbean Sea, 
maximum depth of the thermocline is found close to 100 m in 
January–March and a minimum of near 25 m in the fall (Jury, 
2011). In Figure 2, the late winter (March) thermocline is indi-
cated by an arrow pointing to a decrease in temperature at about 
80 m water depth. Underneath the CSW, the high-saline (37‰) 
subtropical underwater (SUW) is found at 50–180 m below sea 
surface (see Figure 2b). The SUW is formed by surface evapora-
tion in the subtropical Atlantic and mainly originates from the 
Sargasso Sea and the southern and central parts of the North 
Atlantic Subtropical Gyre, from where it spreads widely through-
out the tropical Atlantic and Caribbean Basins (Hernandez-Guerra 
and Joyce, 2000; Metcalf, 1976; O’Connor et  al., 2005). The 
nutrient-rich, low-saline AAIW mass is found at 500–1000 m 
water depth, with its core at 700–1000 m depth (Kameo et  al., 

Figure 2.  (a) Map showing the core sites for Ga307-Win-12GC and GA307-Win-02BC (red circles) and the location of the CTD profile 
(blue diamond) in the Anegada–Jungfern Passage. The bathymetry is based on a seismic and multibeam survey carried out during the Galathea3 
Expedition Leg 16. The black line illustrates the location of the transect shown in Figure 2b. SRE: Salt River Estuary on St Croix; the Salt River 
Canyon (SRC) extend from the mouth of the estuary to the insular slope, where core Ga307-WIN12GC is located. (b): Transect between the 
Anegada Sill and the Jungfern Sill, including the CTD profile from the deepest part of the Virgin Island Basin obtained March 2007. Temperature 
(blue), salinity (red) and oxygen (green) are illustrated as a top–bottom profile. Based on the CTD, the hydrography in the Virgin Island Basin 
could be differentiated into five distinctive water mass layers – 0–100 m: Caribbean surface water (CSW), 100–200 m: subtropical underwater 
(SUW), 200–700 m: mixed layer of SUW and Antarctic Intermediate Water (AAIW), 700–1000 m: AAIW, 1000–1900 m: Atlantic Intermediate 
Water (AIW) and 1900–4200 m: North Atlantic Deep Water (NADW). The blue arrow points to the lower boundary of the late winter 
(March) thermocline zone at c. 80 m water depth. The approximate comparable location of core site Ga307-Win-12GC is shown. The distance 
to core site GA307-Win-02BC is too large to allow marking its location on this transect.
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2004; Wüst, 1964). The water mass between 200 and 500 m is 
characterised by decreasing temperatures and salinity and is inter-
preted as a mixed layer originating from the SUW and AAIW 
(Kameo et al., 2004; Worthington, 1959).

The present planktonic foraminiferal fauna of the warm sur-
face waters of the northeastern Caribbean Sea are characterised 
by tropical and subtropical taxa. The upper 20 m is characterised 
by high proportions of Neogloboquadrina dutertrei and Globiger-
inita glutinata, often associated with cyclonic eddies (Schmuker 
and Schiebel, 2002). However, in the Anegada Passage, where 
Sargasso Sea water flows into the Caribbean Sea, lower standing 
stocks of these species indicate more oligotrophic conditions. The 
SUW masses entering the Caribbean Sea through the Anegada 
Passage are characterised by higher concentrations of Globorota-
lia truncatulinoides relative to the adjacent water masses. For  
further information on the link between upper water mass 
hydrography and modern planktonic faunal distribution in the 
adjacent eastern Caribbean and tropical Atlantic, refer to Steph 
et al. (2009).

Materials and methods
Sediment cores
Gravity core Ga307-Win-12GC (17°50.80N, 64°48.7290W; 3960 
m water depth) and box core Ga307-Win-02BC (17°45.1805N, 
64°58.2614W; 1026 m water depth) were obtained in March 2007 
during the Danish Galathea3 Expedition, Leg 16, on board HMS 
‘Vædderen’ (Kuijpers and Project Group, 2007). The CTD profile 
(Figure 2b) was collected at 17°57.79N, 65°00.58W, close to core 
Ga307-Win-12GC (March 2007). The core sites are located in the 
north of the island of St. Croix, U.S. Virgin Islands (Figure 2a). 
Gravity core Ga307-Win-12GC covers the upper 510 cm sedi-
ment of a submarine fan, located at the foot of the insular slope, in 
close proximity of the Salt River Bay and downslope of the Salt 
River Canyon (Figure 2a; Kuijpers and Project Group, 2007). 
Box core Ga307-Win-02BC recovered 26 cm of sediment from 
the upper part of the insular slope. In this study, the results of the 
Holocene part of the cores (the upper 100 cm of gravity core 
Ga307-Win-12GC and the entire box core Ga307-Win-02BC) are 
presented. Box core Ga307-Win-02BC was included in this study 

as it provides an oceanographic record for the past 5000 years, but 
with a higher resolution than obtained for gravity core Ga307-
Win-12GC, which covers the entire Holocene (see below).

Lithology
The sediments of the cores consist of light beige to grey, fine-
grained, mainly calcareous ooze, clay and silt. In core Ga307-Win-
12GC, three layers of greenish-purple to dark-grey sand are 
observed (core depth: 8–9, 69–71 and 76–79 cm; Figure 3a). The 
initially dark, purple layer at 8–9 cm core depth has been inter-
preted as the manganese horizon of the redox front and is thus not 
related to sediment deposition; it faded because of oxygenation 
after opening the core. However, a thin sandy layer just below (9–
10 cm; Figure 3a) and the two layers within the interval 69–79 cm 
consist of coarse-grained sand with a fining upward trend and are 
considered to represent turbidite sequences (TS; Figure 3a). The 
two lower turbidites could also be recognised as a prominent peak 
in magnetic susceptibility and in the x-ray fluorescence core scan-
ning (XRF) trace element data as maxima in Titanium (Ti; Figure 
3a) and Iron (Fe; not shown) in the otherwise predominantly calcar-
eous (Ca) sediment. Box core Ga307-Win-02BC consists of fine-
grained light-grey to light-beige calcareous ooze throughout.

Age models
The chronologies of the sediment cores are based on accelerated 
mass spectrometry radiocarbon (AMS 14C) dating conducted on 
monospecific samples of G. ruber (white) in the >100 µm fraction 
(Table 1). The AMS 14C datings were carried out at the Aarhus 
AMS Centre, Department of Physics and Astronomy, Aarhus Uni-
versity, Denmark. All dates were calibrated using the Marine09 
14C calibration dataset (Reimer et al., 2009) with a standard reser-
voir correction of 400 years (average ΔR = 28; standard deviation 
(SD) = 36 for the area; Reimer and Reimer, 2001). Being aware 
that reservoir ages may vary spatially and temporally, we choose 
the 400-year estimate to stay consistent to published proxy 
records. The respective age–depth models were constructed using 
the open-source software R and the ‘clam’ package (Blaauw, 
2010). The best model for both cores was calculated after running 
10,000 iterations using a smooth spline fit.

Figure 3.  (a) The age model of the upper 100 cm of the gravity core Ga307-Win-12GC and (b) the 26-cm-long box core Ga307-Win-02BC 
are based on 7 and 4 radiocarbon dates, respectively. In addition, three outliers were identified in Ga307-Win-12GC. The material used for 
dating consists of Globigerinoides ruber (white), and the 14C datings were calibrated using the Marine09 14C dataset (Reimer et al., 2009) with 
a reservoir correction of 400 years. The age–depth model was established with the open-source software R and the ‘clam’ package (Blaauw, 
2010). The best model was calculated after running 10,000 iterations using a smooth spline fit. The age model includes best-fit (black line), 
two-sigma probability (grey area) and radiocarbon dates (blue). Samples marked in red: three radiocarbon measurements identified as outliers. 
A: in addition to the age model of Ga307-Win-12GC, the sedimentology and Titanium (Ti) content in counts per second is shown. The modern 
redox front (RF) is located at 9 cm core depth. The core break (CB) is seen in 50 cm core depth. Furthermore, a turbidite sequence (TS) of at 
least two turbidite strata could be identified in the core interval 69–82 cm.
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The age model for the upper 100 cm of gravity core Ga307-
Win-12GC is based on seven AMS 14C measurements, with three 
outliers identified at 9, 70 and 81 cm core depth (Table 2, Figure 
3a). The outliers at 9, 70 and 81 cm core depth correspond to the 
intervals associated with the turbidite layers (Figure 2a). These 
intervals are not included in further discussions and are excluded 
from the age model of the core. In total, 13 cm of turbidite depos-
its were thus omitted from the sediment record. The resulting age 
model shows sedimentation rates (for the non-turbidite sedi-
ments) ranging between 6 and 9 cm in 1000 years and a temporal 
resolution of most data in this study of 400–600 years.

Four AMS 14C dates have been used to establish the age model 
for the 26-cm-long box core Ga307-Win-02BC (Table 2, Figure 
3b). The sedimentation rates in this core vary between 3 and 5 cm 
per 1000 year, that is, a data resolution of 150–300 years. The 
highest sedimentation rate is observed at 22–26 cm core depth 
(5000–5400 cal. yr BP).

XRF core scanning
XRF using the AVAATECH system (both 10 and 30 keV) was 
applied at 1-cm resolution to core Ga307-Win-12GC at the Royal 
Netherlands Institute for Sea Research (NIOZ) in Texel, the Neth-
erlands. The Titanium data are shown in Figure 3 as counts per 
second (cps).

Stable isotopes
Stable isotope measurements for this core, conducted on monospe-
cific samples of G. ruber (pink) from the size fraction 200–400 
µm, were performed at the Woods Hole Oceanographic Institution 
in Massachusetts, US, using a Finning MAT252 mass spectrome-
ter with an SD of the isotope values in accordance to the National 
Bureau Standards (NBS) carbonate standards NBS-19.

Planktonic foraminiferal assemblages and artificial 
neural network analyses
The subsamples for foraminiferal analyses each represent a 1-cm 
core slice. The wet samples were weighed and wet-sieved at 1000, 
100 and 63 µm; subsequently, each fraction was dried. The dry 

100–1000 µm fraction was subsequently dry-sieved at 150 µm as 
the 150–1000 µm fraction to allow comparison with database on 
modern benthic foraminiferal distribution (Kucera et al., 2005).

Qualitative and quantitative planktonic foraminiferal analyses 
of the 0.150–1.0 mm fraction were applied to both cores: the 
planktonic foraminiferal assemblages were analysed at a 5-cm 
resolution in gravity core Ga307-Win-12GC and at 1-cm resolu-
tion in box core Ga307-Win-02BC. The fraction >1000 µm 
mainly consists of mollusc and shell fragments, echinoid spines 
and a very small number of large benthic foraminifera. Thus, this 
fraction was not included in the quantitative analyses of plank-
tonic foraminifera in this study. All samples were split using a 
micro-splitter up to seven times to obtain a representative aliquot 
with a minimum of 300 specimens of planktonic foraminifera. 
The statistical error in foraminiferal assemblage counts depends 
on the number of specimens counted, but a count of 300 speci-
mens is sufficient for detailed interpretations and species making 
out at least 3% of an assemblage is considered to be statistically 
reliable (Fatela and Taborda, 2002), while values <1% may cease 
to be meaningful (Buzas, 1990), although the data are still useful 
as part of the general context. The taxonomy of planktonic fora-
minifera is based on the studies by Bé (1977) and Hemleben et al. 
(1989) (Table 2).

In order to track the inflow and structure of the upper (thermo-
cline) water masses, a qualitative approach has been established, 
separating the assemblages into a shallow dwelling fauna, charac-
terising the surface water condition (CSW) and a subsurface 
dwelling fauna, addressing the water masses below 100 m 
(including SUW and the late winter thermocline zone; Figures 4 
and 5). The shallow-water community is defined by the most 
common surface dwellers G. ruber (both pink and white varieties; 
Bé, 1967; Bé et  al., 1971; Boltovskoy et  al., 2000; Hemleben 
et  al., 1989), Globigerinoides sacculifer with/without sac (w/o 
sac; Hemleben et al., 1989; Mulitza et al., 1997), Globigerinoides 
conglobatus (Hemleben et  al., 1989) and Globoturborotalita 
rubescens (Bé, 1967; Mulitza et  al., 1997). These taxa are all 
described to reach a maximum in relative abundance within the 
upper 100 m water depth in the tropical Atlantic (Bé and Tolder-
lund, 1971). The subsurface group encompasses species that 
reach their highest relative abundance in water depth below 100 
m (mainly 100–200 m), which implies the lower boundary of the 

Table 1.  Radiocarbon dates based on monospecific samples of tests of the planktonic foraminiferal species Globigerinoides ruber (white). 
Samples marked with (*) are from the intervals identified as a turbidite layer and are not included in the age model. All dates were calibrated 
using the Marine09 14C dataset (Reimer et al., 2009) with a reservoir correction of 400 years. The age–depth models were made using the 
open-source software R and the ‘clam’ package (Blaauw, 2010). The modelled age for the cores is calculated as the best approximation after 
running 10,000 iterations using a smooth spline fit.

Core depth in cm Lab code Material 14C age ± 1σ δ13C ± 1σ Calibrated age range 
2σ (95% probability) 
in cal. yr BP

Modelled age 
in cal. yr BP

Ga307-Win-02BC 
5–6 AAR 15251 G. ruber 1845 ± 24 0.72 ± 0.05 1393–1605 1487
12–13 AAR 15252 G. ruber 3814 ± 23 1.12 ± 0.05 3481–3733 3619
19–20 AAR 15253 G. ruber 4554 ± 26 1.03 ± 0.05 4730–4870 4799
26–27 AAR 12420 G. ruber 5055 ± 55 1.71 ± 0.05 5333–5598 5450
Ga307-Win-12GC
9–10 AAR 15393 G. ruber 3363 ± 30 0.16 ± 0.05 3137–3330 3296
19–20 AAR 15394 G. ruber 3152 ± 26 0.66 ± 0.05 2845–3039 2820
30–31 AAR 15395 G. ruber 3936 ± 25 0.91 ± 0.05 3827–4016 4062
39–40 AAR 15396 G. ruber 4897 ± 30 0.62 ± 0.05 5107–5302 5036
49–50 AAR 15397 G. ruber 5523 ± 40 1.17 ± 0.05 5776–6003 5983
59–60 AAR 15398 G. ruber 6520 ± 34 1.12 ± 0.05 6935–7143 7156
69–70* AAR 12248 G. ruber 8613 ± 47 0.76 ± 0.05 9573–9956 –
81–82* AAR 15399 G. ruber 15,172 ± 60 0.76 ± 0.05 17,661–18,089 –
89–90 AAR 15400 G. ruber 9182 ± 40 0.67 ± 0.05 9839–10,145 9707
99–100 AAR 15401 G. ruber 10,024 ± 40 0.96 ± 0.05 10,879–11,149 11,129
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winter thermocline zone and underlying SUW. The group includes 
the species Globorotalia tumida (Bé and Tolderlund, 1971; Hem-
leben et  al., 1989), Globorotalia crassaformis (Bé and Tolder-
lund, 1971; Jones, 1967), Globorotalia inflata (Bé, 1959; Bé and 
Tolderlund, 1971; Hemleben et al., 1989) and G. truncatulinoides 
(Bé, 1959; Bé et al., 1971; Hemleben et al., 1989; Mulitza et al., 
1997). The deep-dwelling species Globorotalia scitula has not 
been included in the subsurface group as it lives even deeper in 
the water column below the thermocline (Birch et al., 2013). Spe-
cies with variable or unknown depth requirements are not grouped 
(see Table 2). The cumulative species abundances of the surface 
dwellers and subsurface community have been used as an index 
of surface and subsurface/thermocline water mass properties.

A Q-mode cluster analysis was carried out in order to deter-
mine the main faunal trends and to define biofacies (zones A, B 
and C) and their boundaries. The cluster analysis was carried out 
in depth-constrained mode, using the PAST software (Hammer 
et al., 2001). It was performed on both cores separately, compris-
ing a data set of 18 samples for the core Ga307-Win-12GC (Fig-
ure 4) and 28 samples for the core Ga307-Win-02BC (not shown), 
applying an unweighted paired group method, which generates 
clusters from similarity matrices, calculated using the Euclidean 
similarity coefficient.

Winter and summer SSTs were reconstructed for both cores 
using the artificial neural network (ANN) transfer function 
technique (Malmgren et  al., 2001) based on the planktonic 

foraminifera assemblage counts and including all species, both 
surface and deeper dwellers as is standard for this technique 
(Malmgren et  al., 2001). The SST estimation is based on the 
MARGO North Atlantic dataset, which is calibrated to seasonal 
SST at the 10-m level in the water column (Kucera et al., 2005). 
According to this definition, the reconstructed SSTs thus repre-
sent temperatures at 10 m water depth. The SST reconstructions 
based on the ANN transfer function technique are averages of 
the outputs of 10 networks trained on different partitions of the 
calibration data set (Kucera et  al., 2005). Winter STT has an 
average SD from the networks of 0.24, while the average SD of 
the summer SST is 0.40. The root mean square error of predic-
tion for the MARGO North Atlantic dataset is approximately 
1°C (Kucera et al., 2005). The ANN method has been tested in 
the Caribbean on high-resolution records off Puerto Rico, 
where the ANN reconstructions were shown to follow closely 
instrumental records, especially for the winter season 
(Malmgren et al., 2001; Nyberg et al., 2002).

Mg/Ca ratios
Additional palaeo-thermometer information has been acquired 
using the Mg/Ca ratio of the surface dweller species G. ruber 
(pink) sensu stricto. For this purpose, monospecific samples 
including 20 specimen from the size fraction 0.315–0.355 mm at 
5 cm spacing were collected and processed in the laboratories of 
the GEOMAR Helmholtz Centre for Ocean Research Kiel, Ger-
many. The sample cleaning procedure for Mg/Ca measurements 
in foraminiferal calcite followed the initial protocol of Barker 
et al. (2003), but included a reductive cleaning step according to 
Martin and Lea (2002). Foraminiferal shells were dissolved in 
weak nitric acid, and elemental analyses were carried out on the 
axial viewing Varian 720 inductively coupled plasma optical 
emission spectrometry (ICP-OES) at GEOMAR. In order to 
detect possible drifts of the ICP-OES during analyses, dilution of 
sample solution with yttrium water (concentration: 112.5 µmol/L) 
was performed prior to measurement. The ECRM 752-1 standard 
(3.761 mmol/mol Mg/Ca; Greaves et al., 2008) was used as an 
internal consistency standard, to which all measurements were 
standardised and trend-corrected. The external reproducibility for 
the ECRM standard for Mg/Ca is ±0.1 mmol/mol (2σ). Replicate 
measurements run during different sessions reveal a reproduc-
ibility of maximum ~0.2 mmol/mol (2σ). Post-depositional con-
tamination (Rosenthal et al., 2000) was checked in all samples by 
monitoring their Fe/Ca, Al/Ca, Mn/Ca and Fe/Mg ratios. For most 
of the samples, Mn/Ca ratios were below 0.1 mmol/mol. The  
Al/Ca and Fe/Ca are higher than the threshold of 0.1 mmol/mol 
given by Barker et al. (2003). The Fe/Mg ratios are commonly 
below 0.05 mmol/mol. Barker et  al. (2003) commonly rejected 
samples with Fe/Mg ratios of >0.1 mol/mol as potentially sig-
nificantly contaminated by silicate phases. Furthermore, as the 
Al/Ca, Fe/Ca, Mn/Ca and Fe/Mg ratios do not correlate with the 
Mg/Ca ratios (R = 0.18; R = 0.27; R = 0.29; R = 0.08, respec-
tively), we consider sample contamination negligible for our  
Mg/Ca analyses.

Mg/Ca ratios of G. ruber (pink) were converted into SST 
(SSTMg/Ca) using the ‘warm water’ multispecies calibration and 
the ‘species specific’ calibration of Anand et al. (2003). For con-
sistency, all Mg/Ca ratios presented in this study (own data and 
reference data sets, for example, Schmidt et al., 2012) were trans-
ferred into temperatures using the abovementioned calibrations. 
The assumed habitat depth of G. ruber is ~30 m water depth. For 
the interpretation of our SSTMg/Ca records derived from G. ruber 
(pink), we acknowledge a seasonal bias of the abundance maxi-
mum towards the boreal summer months. A calculated top core 
SSTMg/Ca of c. 30°C (30.18°C) is slightly higher than modern tem-
peratures in the AJP of 26.1–28.3°C (Levitus et al., 1994; World 

Table 2.  List of planktonic foraminiferal taxa identified in the 
material. Species marked with (*) are used as key species to define 
the surface water mass, and species marked with (**) are grouped 
to characterise the subsurface water stratum in this study.

Taxa Author and year of description

Candeina nitida d’ Orbigny (1839)
Globigerina bulloides d’ Orbigny (1826)
Globigerina falconensis Blow (1959)
Globigerinella calida Parker (1962)
Globigerinella digitata Brady (1879)
Globigerinella siphonifera d’ Orbigny (1839)
Globigerinita glutinata Egger (1895)
Globigerinita minuta Natland (1938)
Globigerinita uvula Ehrenberg (1862)
Globigerinoides conglobatus* Brady (1879)
Globigerinoides ruber* d’ Orbigny (1839)
Globigerinoides sacculifer* Brady (1877)
Globorotalia crassaformis** Galloway (1927)
Globorotalia hirsuta d’ Orbigny (1839)
Globorotalia inflata** d’ Orbigny (1839)
Globorotalia menardi d’ Orbigny (1865)
Globorotalia scitula Brady (1882)
Globorotalia theyeri Fleischer (1974)
Globorotalia truncatulinoides** d’ Orbigny (1839)
Globorotalia tumida** Brady (1977)
Globorotalia ungulata Bermudez (1960)
Globoturborotalita rubescens* Hofker (1956)
Globoturborotalita tenella Parker (1958)
Hastigerina digitata Rhumbler (1911)
Hastigerina pelagica d’ Orbigny (1839)
Neogloboquadrina dutertrei d’ Orbigny (1839)
Neogloboquadrina incompta Cifelli (1961)
Neogloboquadrina pachyderma Ehrenberg (1862)
Orbulina universa d’ Orbigny (1839)
Pulleniatina obliquiloculata Parker and Jones (1865)
Sphaeroidinella dehiscens Parker and Jones (1865)
Tenuitella iota Parker (1962)
Turborotalita quinqueloba Natland (1938)
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Ocean Atlas, 1998; Figure 2). As expected, it points towards a 
summer bias in the SSTMg/Ca, but also suggest that the calculated 
SSTMg/Ca may be slightly too high. This is in accordance to previ-
ous studies, as G. ruber (pink) generally lives at warmer and shal-
lower water depths than G. ruber (white; see Regenberg et  al., 
2009) and has a bias towards warmer seasons (Haarmann et al., 
2011; Richey et al., 2012) and hence is higher in Mg/Ca. Within 
this context, it is also notable that for G. ruber (pink), a positive 
relationship has been found of increasing 1.1 mmol/mol (~2.5°C) 
from the smallest (150–212 µm) to the largest (>500 µm) size 
fractions (Richey et al., 2012). The latter authors report that this is 
not the case for G. ruber (white). In addition, some general uncer-
tainty in the SSTMg/Ca should be assumed, likely in the range of 
~±0.5–1°C (e.g. Bahr et  al., 2011; Nürnberg, 2015; Regenberg 
et al., 2009).

Within this context, it must be noted that depending on the 
oceanographic setting, the Mg/Ca–temperature relationship can 
be complicated by preferential Mg dissolution (e.g. Elderfield and 
Ganssen, 2000; Regenberg et al., 2006), post-depositional Mg/Ca 
enrichment (Regenberg et al., 2007) and the effect of significant 
salinity change (Nürnberg et al., 1996). Regenberg et al. (2007) 
in fact showed that diagenetic alteration takes place in the Wind-
ward Passage at time scales of >100 kyr, but such a diagenetic 
effect has not previously been seen at shorter timescales in our 
region. In addition, dissolution, which would lower SSTMg/Ca, 
does not likely play a role in the area because of high aragonite 
preservation (Nürnberg et al., 2008). Evans et al. (2016) found a 
coherent relationship between Mg/Ca and the carbonate system. 
They argue that pH rather than the HCO3

2−  may be the dominant 
control. Anomalously, high salinity at our coring sites is therefore 
a potential factor to be considered when assessing the generated 
(too high) SST maxima. Not only high surface salinity but also in 
situ seabed impact by dense, ultra-high salinity waters reported to 
originate from the Salt River Estuary on St Croix (Figure 3a) 
under hurricane passages cascading down the Salt River Canyon 
(Figure 3a; Hubbard, 1992) must be taken here into account. 
Waters from the Salt River (mangrove) Estuary at the head of the 
canyon have salinities of up to 37 psu (Kendall et al., 2005). The 
presence of a large, deep sediment fan of the Salt River Bay  
(Kuijpers and Project Group, 2007) confirms the important role of 
turbidity flow processes affecting the estuary and canyon area 
under gale-force wind conditions. The isotope data do, however, 
not show clear concurrent variations.

Results
Planktonic foraminiferal distribution
A total of 33 planktonic foraminiferal taxa were recorded in the 
two cores (Table 2). The species G. ruber (pink and white vari-
ety), G. sacculifer w/o sac and G. glutinata strongly dominate the 
assemblage, as expected for tropical/subtropical environments 
(Figures 4 and 5). Superimposed on the general dominance of 
these species, the records show small, but consistent, downcore 
variations in the abundance of subtropical species and deeper 
dwelling (subsurface) species. In gravity core Ga307-Win-12GC 
(Figure 4), the subsurface dwelling species G. crassaformis, G. 
inflata, G. truncatulinoides and G. tumida are present in the lower 
part of the core (maximum abundances at 100–70 cm core depth; 
11,130–7500 cal. yr BP) with relative abundances between 1% 
and 4%. The surface dwellers G. ruber and G. rubescens increase 
in relative abundance in the mid part of the core section (60–25 
cm; 6900–3700 cal. yr BP), while the species G. sacculifer w/o 
sac, Orbulina universa, N. dutertrei and N. incompta dextral 
reach maximum abundances in the uppermost part of the core 
(20–0 cm; 2000–0 cal. yr BP). The fauna in box core Ga307-Win-
02BC (Figure 5) shows a similar faunal distribution, which par-
ticularly applies to the increase in subsurface dwellers G. 

truncatulinoides and G. tumida, being most prominent in the 
upper part of the core (10–0 cm; 1500–0 cal. yr BP).

A comparison of the total abundances of surface and subsur-
face species shows an overall dominance of surface dwelling spe-
cies in both cores (Figure 6a and b). With 65–75%, the relative 
abundance of surface water species is slightly higher in core 
Ga307-Win-02BC, which is located closest to the island of St 
Croix, when compared with 55–65% relative abundance of sur-
face dwellers in core Ga307-Win-12GC located further off-shore 
(Figure 2a). The subsurface community is limited to a relative 
abundance of 0.3–4% in both cores, reaching a maximum between 
0–1800 and 8000–10,000 cal. yr BP. The remaining fraction of the 
assemblage is made up of species with variable or unknown depth 
requirements.

Statistical analyses
The Q-mode constrained cluster analysis of planktonic foraminif-
eral assemblages in core Ga307-Win-12GC, comprising 18 sam-
ples, resulted in three clusters, termed I, II and III, used to define 
the planktonic foraminiferal zones A, B and C (Figure 4). Cluster 
I consists of seven samples in the lower part of the core section 
(Zone A: core depth = 100–55 cm; 11,129–6580 cal. yr BP), clus-
ter II includes the assemblages of five samples in 50–30 cm core 
depth (Zone B: 6033–4007 cal. yr BP), whereas the top of the core 
(Zone C: 25–0 cm; 3463–0 cal. yr BP) forms cluster III, compris-
ing six samples. These clusters were used to establish the faunal 
zonation of the core (Figure 4).

The scores of a Q-mode constrained cluster analysis of the box 
core Ga307-Win-02BC did not show the presence of distinct clus-
ters during the last 5400 cal. yr BP covered by this core. As the 
partitioning into clusters for core Ga307-Win-02BC is less clear, 
we instead highlight where the faunal boundaries established for 
core Ga307-Win-12GC would be found in core Ga307-Win-
02BC (Figure 5). Although the adopted zonation correlates with a 
change in sedimentation rate reflecting a shift in sediment dynam-
ics, the foraminiferal fauna reveals only minor changes, which 
suggests a possible change in circulation intensity rather than a 
major shift in water mass.

SST, oxygen isotopes and Mg/Ca–temperature values
The SST reconstructions based on the ANN transfer functions 
were calculated as summer, winter and annual averages. Summer 
and winter SSTs are plotted in Figure 6c and d, respectively. Sum-
mer SSTs vary from 28.4°C to 29.5°C for the off-shore core 
Ga307-Win-12GC and 28.2–29.1°C for the near-shore Ga307-
Win-02BC (outlier in this core: T = 27.5°C). The winter SST 
reconstruction shows SSTs ranging between 25.5°C and 27°C for 
the near-shore core Ga307-Win-02BC and 25.7–27°C in the grav-
ity core Ga307-Win-12GC. The calculated temperature range is 
similar to modern temperatures in the AJP, which vary between 
26.1°C and 28.3°C with an annual average of SST = 27.4°C (Lev-
itus et al., 1994; World Ocean Atlas, 1998). CTD measurements 
showed a surface temperature of 26.8°C in March 2007 (Figure 
2b). A trend of relatively cooler temperatures (winter SSTANN) is 
observed in the lower part of the gravity core (100–60 cm core 
depth; Zone C), while the overall trend in the summer SSTANN is 
very weak, but with a very slight trend towards cooler condition 
in Zone B than in Zones A and C.

In comparison with the ANN-based SST reconstruction, the 
Mg/Ca-derived temperature record (SSTMg/Ca) performed on G. 
ruber (pink) displays somewhat higher maximum values that are 
concentrated in the 30.0–31.0°C range, with one outlier at 32.2°C 
(Figure 6e). As outlined above, this difference may be because of 
the (Salt River Canyon) salinity effect on this site. As discussed 
above, the SSTMg/Ca on G. ruber may be biased towards summer 
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Figure 6.  Climate proxy records from the Caribbean area, including zones A, B and C based on the record of this study. Curves (a)–(f) 
are the climate proxies from core Ga307-Win-12GC, dashed line: core Ga307-Win-02BC – (a) relative abundance of the surface dwelling 
planktonic foraminiferal assemblage; (b) distribution of the subsurface planktonic foraminiferal assemblage; (c) summer sea-surface temperature 
(SST) based on ANN transfer function calculations; (d) winter SST based on the ANN transfer function; (e) planktonic δ18O measured on 
Globigerinoides ruber (pink) from core Ga307-Win-12GC; (f) Mg/Ca-derived SST values from G. ruber (pink) (note anomalously high maxima, 
see also Figure 6c); (g) δ18O on Pyrgophorus sp. in Lake Chichancanab, Mexico (from Hodell et al., 1991); (h) sea-surface temperature based on 
Mg/Ca of G. ruber white from marine sediment core KNR166-2JPC51, Florida Strait (from Schmidt et al., 2012); (i) ostracod δ18O from Lake 
Miragoane, Haiti (Hodell et al., 1991); (j) Titanium content from ODP Site 1002, Cariaco Basin (from Haug et al., 2001); and (k) insolation curve 
for 10°N based on Berger (1978; from Fensterer et al., 2013).
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conditions; however, overall, the SSTMg/Ca does now show a clear 
pattern of the slight warming seen in Zone B in the summer 
SSTANN, when disregarding the one sample with very high tem-
peratures. Overall, the variability in the record is too high to pin-
point a clear pattern.

Oxygen isotope values (δ18O), retrieved for the gravity core 
Ga307-Win-12GC on the surface dweller G. ruber (pink), vary 
between −2.4‰ and −1.0‰, with the highest values observed in 
the older part of the core (100–60 cm) and decreasing towards the 
present (Figure 6f).

Discussion
Signal versus noise
An important oceanographic feature of the Caribbean region is 
the small, seasonal and inter-annual temperature changes in ocean 
surface waters. Consequently, variations in planktonic foraminif-
eral assemblages, SST and oxygen isotopes values are all very 
small, with the range of variations in SST and δ18O generally 
being within the predicted method errors and uncertainties. Even 
between glacial and interglacial climate conditions, Caribbean 
SST differences do not exceed 3.5°C (Barker et al., 2005). This 
highlights the difficulties in interpreting potential changes in 
tropical ocean conditions during an overall warm period such as 
the Holocene, as it is very difficult to distinguish between noise 
and signal.

The results from the ANN-based temperature reconstruc-
tion for both summer and winter SSTs display precisely the 
same range as found by Nyberg et  al. (2002) for Caribbean 
waters in the south of Puerto Rico where the latter authors 
compared and measured the ANN-derived surface water tem-
peratures. Moreover, the reconstructed SST range also agrees 
with temperature results derived from sclerosponges Sr/Ca 
ratios and oxygen isotope analyses obtained for the ‘Little Ice 
Age’ period (Haase-Schramm et al., 2003). The Mg/Ca-derived 
temperature range based on the calibration methods of Anand 
et al. (2003), shows somewhat larger amplitudes (c. 4°C). The 
SST temperature maxima appear somewhat beyond observa-
tional values, which we tentatively explain by the influence of 
ultra-high salinity of ambient waters originating from the  
St Croix Salt River estuary combined with an effect of the  
generally relatively high temperatures derived from Mg/Ca on 
G. ruber (pink; Haarmann et al., 2011). Nevertheless, also the 
Mg/Ca record shows rather subtle changes of 1–2°C during 
much of the record if the extreme peak in mid Zone B is disre-
garded as a outlier. In a tropical environment, any change in 
SST and sea-surface salinity is, however, quite minor and will 
thus only have a very subtle signal, especially during a gener-
ally warm climate period (interglacial) such as the Holocene. 
This will also have an effect on the biological community, in 
this case illustrated by only minor variations in the planktonic 
foraminiferal community.

Therefore, when considering records from the tropics, it is 
especially important to evaluate signal versus noise. Here, we will 
disregard smaller fluctuations covering less than four data points 
(corresponding to a time span of a few thousand years), which we 
consider likely to be noise. Moreover, only changes consistently 
found in all relevant proxies have been used for the final conclu-
sions. This means that despite the only relatively small differ-
ences in value between ‘low’ and ‘high’, the consistent, long-term 
pattern is useful, not the least when several proxies indicate a 
similar pattern. Thus, we argue that even though each method 
provides results within or close to the statistical uncertainly, if all 
proxies give the same pattern, results may be considered reliable. 
Within this context, we also underline that our results refer to 
long-term oceanographic changes at multi-centennial to millen-
nial time scale.

Palaeoceanographic development of the AJP in 
relation to North Atlantic climate
Consequently, we use the overall signal of these persistent, albeit 
generally small, changes in the planktonic foraminiferal faunas, 
SST and geochemistry to discuss the overall palaeoceanographic 
and palaeoclimatic changes occurring in the northeastern Carib-
bean during the last ~11,100 cal. years (for a general overview, 
see summary in Table 3).

The planktonic foraminiferal assemblages are dominated by 
the surface dwelling species G. ruber and G. sacculifer, as well as 
G. glutinata, which can be found at various depths, in all samples 
of both cores. This reflects overall warm, tropical to subtropical, 
surface water conditions persisting in the AJP during the entire 
Holocene. Today, highest concentrations of N. dutertrei and G. 
glutinata are in the northeastern Caribbean Sea, while in the Ane-
gada Passage, where Sargasso Sea water flows into the Caribbean 
Sea, lower standing stocks indicate more oligotrophic conditions. 
In contrast, the SUW masses entering the Caribbean Sea through 
the Anegada Passage in water depths between 100 and 300 m are 
characterised by higher concentrations of the subsurface dweller 
G. truncatulinoides compared with the adjacent water masses. 
High abundance of particularly G. glutinata, which is often found 
in connection to cyclonic eddies and thus strong mixing 
(Schmuker and Schiebel, 2002) both at present and in the fossil 
record at our site, is in support of the overall only small changes 
seen in our Holocene faunal assemblages and in SST (i.e. ANN-
based temperature variation within 1.5°C). It should, however, be 
noted that the SST reconstructions based on ANN transfer func-
tions are calibrated to a water depth of 10 m, which is not neces-
sarily the water depth where most of the variances caused by 
oceanographic changes are expected (Telford et al., 2013). In fact, 
a study of historical hydrographic changes in the Caribbean Sea 
demonstrates that changes are most pronounced at greater subsur-
face depths below 100 m (Jury, 2011). Hence, changes deeper 
down in the water column may have been much more pronounced 
than indicated by the present SST estimates.

The cluster analysis underlines that at a multi-centennial to 
millennial scale small, but still important changes occurred in the 
oceanographic setting of the Holocene. Defined by core Ga307-
Win-12GC, the clusters I, II and III (Figure 4) reveal three Holo-
cene oceanographic stages in the AJP. Additional information is 
provided by core Ga307-Win-02BC from shallower water depth, 
providing a higher resolution for the past 5400 years.

Zone C: 11,100–6300 cal. yr BP.  Beside the dominance of the 
(sub)tropical surface dwellers (see above), this period is marked 
by the relative small, but consistent presence of species belong-
ing to the subsurface community (Figure 6a and b). In studies 
from tropical and subtropical realms (e.g. Birch et  al., 2013; 
Mulitza et  al., 1997; Schmidt et  al., 2012; Schmuker and 
Schiebel, 2002), deep-to-intermediate dwelling (subsurface) 
species such as G. crassaformis and G. truncatulinoides may be 
used to identify the influence of cooler, subsurface waters in the 
upper part of the water column, which implies a relatively shal-
low position of the thermocline. In the AJP, where the thermo-
cline is found at the SUW depth stratum below the CSW, these 
deep-to-intermediate dwellers indicate the presence of a rela-
tively shallow (<100 m) thermocline. Since a relatively shallow 
position of the thermocline would today be linked to relatively 
strong mixing of AAIW and SUW, the shallow thermocline 
observed in our record indicates a relatively strong inflow of 
SUW and AAIW into the AJP, although trade-wind-induced 
strong upwelling on a more local scale may also have played a 
role (see below; Table 3). Moreover, the presence of the, in the 
tropics, cool upwelling species G. bulloides in the oldest c. 400 
year part of the record points to the presence of cooler water 
masses derived from upwelling areas.
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A stronger-than-present influence of AAIW may have been 
linked to an intensified South Atlantic Subtropical Gyre and a 
generally strong AMOC (Knudsen et  al., 2011; Lynch-Stieglitz 
et al., 2009; Schmidt et al., 2004), favouring water mass transport 
from the wider Atlantic region towards the Caribbean. This would 
have resulted in an overall stronger ventilation of surface, as well 
as subsurface and intermediate water masses, through the Carib-
bean Sea and the Gulf of Mexico. An intensified Loop Current 
strength has in fact been observed between 9000 and 6000 cal. yr 
BP (Poore et  al., 2004; Schmidt et  al., 2012). Moreover, an 
enhanced subtropical gyre circulation during this period has also 
been reported from the Gulf Stream region (Cléroux et al., 2012).

In addition to the higher ratio of subsurface dwelling species 
(Figure 6b), the ANN temperature approximation shows slightly, 
but persistently, cooler winter SSTs (25.5°C) than today (Figure 
6c and d). These lower-than-present winter SSTs are in agreement 
with the relatively cool SST observed in the Florida Strait during 
this time period (Figure 6h), reaching a maximum cooling at 6900 
cal. yr BP (Schmidt et al., 2012). The stronger-than-present sea-
sonality in the Caribbean, illustrated by our cooler winter SST 
records combined with summer SSTs more similar to today, is 
likely linked to the solar insolation record, causing a maximum in 
Northern Hemisphere summer solar insolation and a minimum in 
winter insolation in the early-Holocene (Imbrie et al., 1989; Rud-
dimann, 2003). At 10°N in the Caribbean, the minimum (maxi-
mum) in winter (summer) solar irradiation (Figure 6k) is reported 
to occur between 8000 and 6000 cal. yr BP (Berger, 1978; Hodell 
et al., 1991), which is in good agreement with the relatively low 
winter SST seen in the AJP.

It is important to note that the early-Holocene solar insolation 
pattern is believed to have resulted in a northward shift of the 
annual position of the ITCZ compared with the present situation 
(Haug et  al., 2001; Hodell et  al., 1991; Knudsen et  al., 2011; 
Koutavas and Lynch-Stieglitz, 2004; Schneider et al., 2014; see 
also Figure 6f–j). This presumably caused a generally strong trade 
wind regime (Caribbean Low Level Jet) and a positive evapora-
tion/precipitation ratio in the northern Caribbean (cf. Wang, 
2007), favouring upwelling leading to a shallowing of the thermo-
cline and surface water cooling. Also, a scenario of a more north-
erly ITCZ position would have led to a northward expansion of 
the Guyana coastal upwelling zone in the NE of South America, 
resulting in cooling of upper water masses that are transported 
north into the Caribbean region, thus explaining that summer sur-
face water temperatures were not warmer than present despite the 
higher summer solar insolation. More generally, the energy bal-
ance between Northern and Southern Hemispheres can be con-
cluded to be the main factor controlling migration and dynamics 
of the ITCZ (Schneider et al., 2014).

Zone B: 6300 – 3700 cal. yr BP.  The reduction in subsurface 
dwellers in the planktonic foraminiferal assemblage after 6300 
cal. yr BP suggests a deepening of the thermocline implying a 
thickening of the warmer surface water layer. These conditions 
would have favoured surface dwelling species, as also supported 
by the increased frequencies of the tropical surface dwellers G. 
ruber pink and G. rubescens (pink and white). A general trend of 
relative sea-surface warming seen both in the winter SSTANN 
data (ANN winter ΔT = +0.8°C) and nearly unchanged summer 
SSTs indicates a weaker seasonality and stabilisation/warming 
of the surface stratum (Table 3). A similar surface warming is 
also seen in the Florida Strait between 6300 and 5000 cal. yr BP, 
indicated by Mg/Ca-based SST approximation (Schmidt et al., 
2012; Figure 6g).

The deepening of the thermocline suggests a reduced inflow 
of cooler, intermediate waters and weaker trade-wind-induced 
upwelling in the study area. The flow of AAIW into the Caribbean 
may have been reduced due to a weakening of the AMOC, as Ta
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previously suggested by Rühlemann et al. (1999) (Table 3). More 
specifically, a gradual southward migration of the ITCZ must 
have led to a corresponding shift in the southeast trade wind belt, 
contributing to a decrease in advection of cooler (sub)surface 
water masses from the Guyana upwelling region. These condi-
tions may have favoured expansion of the warmer surface and 
subsurface water masses (CSW and SUW) in the AJP, most prom-
inently between 6300 and 4500 cal. yr BP.

As discussed above, our SST estimations indicate that surface 
water conditions were seasonally more stable than during the 
early-Holocene, possibly because of the smaller differences in 
summer versus winter solar insolation (Imbrie et al., 1989; Rud-
dimann, 2003). The resulting weaker atmospheric pressure gradi-
ent and equator-wards migration of the summer position of the 
ITCZ during the mid-Holocene (Haug et al., 2001; Knudsen et al., 
2011; Ruddimann, 2003; Schneider et  al., 2014) are thought to 
have favoured both more annually stable SST and more prevalent 
humid climate conditions in the Caribbean area (Curtis and 
Hodell, 1993; Fritz et al., 2011; Hodell et al., 1991, 1995). At the 
same time, regional trade wind activity can be assumed to have 
weakened. This may also have contributed to slightly warmer 
winter SST values found in the Gulf of Mexico during that time 
(Poore et  al., 2003). Moreover, upper water mixing related to 
warm season hurricane activity was also reduced as can be con-
cluded from low hurricane activity over the northeastern Carib-
bean during the mid-Holocene (Toomey et al., 2013).

López-Otàlvaro et al. (2009) described a thermocline shoaling 
and a concentration of warm surface waters from the equatorial 
Atlantic in the eastern Caribbean, associated with a southward dis-
placement of the ITCZ. A weaker mid-Holocene subtropical gyre 
circulation after 6500 cal. yr BP has also been documented in a 
study from the Gulf Stream region (Cléroux et al., 2012). Ocean–
atmosphere modelling by Wang (2007) suggests a direct correlation 
between SST warming, high rainfall intensity and a weak trade 
wind system in the Caribbean region, conditions reflecting our mid-
Holocene circulation regime. Higher precipitation rates at that time 
are also indicated by coral records from the southeastern part of the 
Caribbean (Felis et al., 2013), as well as from Caribbean stalagmite 
and lake records more to the north (Mangini et al., 2007). Increased 
precipitation over the NE Caribbean islands must have led to a rela-
tively higher sedimentation rate during this period, as indeed is 
recorded at the near shore core site Ga307-Win-02BC, which is 
likely more sensitive to insular runoff and associated sediment dis-
persal than our other coring site further offshore.

Zone A: 3700 cal. yr BP – Present.  The late-Holocene in our cores 
is likewise characterised by dominance of surface dwellers. The 
clear increase in the tropical surface dweller G. sacculifer and the 
variable O. universa combined with the continued high summer 
and winter SST, suggest warm, stable temperature (ΔT(summer−winter) 
= −0.7°C; compare Figure 6c and d) conditions in the (CSW) sur-
face water. As photosymbionts, both species suggest a warmer 
surface water overlying the also quite warm subsurface water 
masses, indicating a strong surface and subsurface water mixing. 
The low influx of subsurface dwellers indicates that the thermo-
cline in the AJP continued to be located at greater water depth. 
This again suggests a still relatively weak inflow of (AAIW) sub-
surface/intermediate waters (Table 3).

In addition to a potential reduction in inflowing AAIW, the 
thickening of the warm surface water layer may have been linked 
to the further expansion of the Atlantic tropical surface water 
warm pool (López-Otàlvaro et al., 2009; Rühlemann et al., 1999). 
This would reflect a general weakening of the AMOC, as previ-
ously suggested by Zhang (2007), who attributed this to an inso-
lation-forced southward migration of the ITCZ.

The reduced difference between summer and winter SSTs in 
this period, may, in addition to the general reduction in Northern 

Hemisphere summer insolation and increase in winter insolation, 
also be linked to trade wind weakening over the Caribbean during 
the winter season, causing reduced upwelling. In addition, more 
common tropical cyclone passages with their wind stress and 
cloud cover may have contributed to summer SST lowering. This 
conclusion is also supported by studies of shallow marine envi-
ronments on the nearby island St Croix (Jessen et al., 2008), indi-
cating stronger winds and associated increased wave action 
between c. 4000 and 2200 cal. yr BP. More recently, Toomey et al. 
(2013) showed an increase in hurricane frequency at the Grand 
Bahamas Banks after 4400 cal. yr BP, linking this to the decrease 
in Northern Hemisphere summer solar insolation. Olsen et  al. 
(2012) reported a major shifts towards a more negative NAO pat-
tern in the North Atlantic region after 4200 cal. yr. BP, while Haug 
et  al. (2001) suggest an increase in ENSO variability, with the 
strongest ENSO frequencies between 3500 and 2600 cal. yr BP. 
Compared with the mid-Holocene, the surface water conditions in 
the AJP were, generally, likely somewhat less stable and slightly 
cooler during the last c. 4000 years. This is also supported by near 
annually resolved planktonic foraminiferal oxygen isotope 
records from the southeastern Caribbean Sea indicating up to 2°C 
SST cooling and increased upwelling intensity in this region over 
the last 2000 years (Black et al., 2004).

In addition, during the last 2000 cal. yr BP, a small increase in 
N. dutertrei, G. ungulata and G. siphonifera that are found at 
varying depths, but often linked to subsurface waters, indicates a 
shift in the (sub)surface inflow, which is coeval with subtropical 
gyre circulation changes observed in the Gulf Stream region 
(Cléroux et  al., 2012). The latter two species are described to 
inhabit lower levels of the surface water stratum, preferably fol-
lowing the chlorophyll maximum (Birch et al., 2013). Although 
the change in fauna is only very minor, in combination with the 
presence of the sub-thermocline species G. scitula (Birch et al., 
2013), this suggests a slight shallowing of the thermocline. Inter-
estingly, the timing of our minor faunal change (within Zone A) 
coincides with a shift to a more frequently negative NAO pattern 
prevailing over the North Atlantic (Jessen et  al., 2011; Olsen 
et al., 2012; Seidenkrantz et al., 2008). Here, it should be noted 
that SST warming in the eastern Equatorial Atlantic appears to be 
correlated to a negative NAO index (Joyce et al., 2000), which 
implies that under a persisting negative NAO regime, anoma-
lously, warm surface water from the eastern Equatorial Atlantic 
can reach the eastern Caribbean. Such a scenario appears to have 
been the case, as is indicated by the high values of the Mg/Ca SST 
profile recorded for the past 2000 years (Figure 6f). A shift in 
Eastern North Atlantic Central Water hydrography recorded 
between 3300 and 2600 cal. yr BP illustrates a transition towards 
enhanced mid-latitude atmospheric circulation in particular dur-
ing cold events (Morley et  al., 2014). Correspondingly, at the 
same time, the NE Caribbean climate experienced a trend towards 
warmer and more variable humid conditions (Fritz et al., 2011; 
Higuera-Gundy et  al., 1999; Hodell et  al., 1991). Our records 
show no clear evidence of the global cooling SST trend described 
for the last 2000 years by McGregor et al. (2015), but resolution 
may be too low to allow such a comparison.

Conclusion
Using qualitative and quantitative analyses of planktonic fora-
minifera assemblages, δ18O proxy and Mg/Ca–temperature rela-
tionship (G. ruber pink), as well as SST derived from ANN 
transfer functions, a reconstruction was made of the upper water 
mass variability in the AJP, northeastern Caribbean Sea, over the 
last c. 11,100 years (Figure 6; Table 3). Our data indicate overall 
warm conditions throughout the Holocene. Small, but consistent, 
changes in the planktonic foraminiferal assemblages and SST 
have been used to trace variations in water mass distribution and 
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advection in the NE Caribbean. Only absolute ANN-derived SST 
values have been discussed. Some of the Mg/Ca-based tempera-
ture estimates display anomalously high maxima, but overall 
trends confirm the Holocene variations observed in the ANN-
derived SST record. Recent instrumental data from this region 
document that such small variations in surface water conditions 
signal more prominent hydrographic changes at greater (>100 m) 
subsurface depth.

In the early- to mid-Holocene (11,100–6300 cal. yr BP), the 
planktonic foraminiferal assemblages indicate a shallow thermo-
cline and expansion of subsurface water masses (AAIW). A 
northward displaced ITCZ with a pronounced seasonality in 
early-Holocene tropical solar insolation may have contributed to 
increased trade-wind-forced transport of surface water masses 
(CSW) and advection of southern-source subsurface waters from 
the seasonal upwelling areas off the South American coast.

In the mid-Holocene (6300–3700 cal. yr BP), the planktonic 
foraminiferal fauna suggests a deepening of the thermocline zone 
and an expansion of the tropical warm water pool in the NE 
Caribbean. Relatively high and stable SSTs with only small, sea-
sonal variations may be related to a decrease in trade wind activ-
ity associated with the southward migration of the ITCZ.

The late-Holocene palaeoceanographic regime shows a con-
tinuation of relatively stable stratified upper water mass and 
minor SST variations. With a further southward migration of the 
ITCZ, the influence of the North Atlantic Subtropical Gyre 
extended further south, favouring flow of stable, warm and saline 
waters (SUW) into the eastern Caribbean. At the same time, SST 
variability and seasonality further decreased. A minor change in 
upper water mass conditions with a slight SST increase during the 
past 2000 years may be related to a change in large-scale atmo-
spheric circulation over the North Atlantic, where meridional cir-
culation patterns appeared more frequently.

More generally, it may be concluded that a clear link exists 
between Caribbean upper water mass conditions and hydrographic 
conditions in the Gulf Stream sector of the North Atlantic Subtropi-
cal Gyre. Relatively low SST in the northeastern Caribbean appears 
to be correlated to enhanced Gulf Stream activity and vice versa. 
The large-scale circulation regime of this entire region can be con-
cluded to depend mainly on the position of the ITCZ, which in turn 
reflects the inter-hemispheric atmosphere energy balance.
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