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a b s t r a c t

We present a high resolution, multiproxy study of the relationship between pelagic and benthic envi-
ronments of a coastal upwelling system in the subtropical NE Atlantic Ocean. Marine sediments corre-
sponding to late MIS3 to the Holocene in the radiocarbon dated core GeoB7926, retrieved off Mauritania
(21�N) were analysed to reconstruct productivity in surface waters and its linkage to deep waters during
the last 35 ka BP. High latitude cold events and changes in atmospheric and oceanographic dynamics
influenced upwelling intensity over this time period. Subsequently, this caused changes in primary
productivity off this low-latitude coastal upwelling locality. The benthic foraminiferal fauna displays four
main community shifts corresponding to fundamental climatic events, first of all during late MIS3 (35
e28 ka BP), secondly from 28 to 19 ka BP (including Heinrich event 2 and the LGM), thirdly within
Heinrich event 1, the Bølling Allerød and the Younger Dryas (18e11.5 ka BP) and finally during the
Holocene (11.5e0 ka BP). In particular, strong pelagicebenthic coupling is apparent in MIS 3, as
demonstrated by increased primary productivity, indicated by moderate DAR and the dominance of
benthic foraminiferal species which prefer fresh phytodetritus. A decline in upwelling intensity and
nutrient availability follows, which resulted in a proportionately larger amount of older, degraded matter,
provoking a shift in the benthic foraminifera fauna composition. This rapid response of the benthic
environment continues with a progressive increase in upwelling intensity due to sea level and ocean-
ographic changes and according high surface production during the LGM. During Heinrich event 1 and
the Younger Dryas, extreme levels of primary production actually hindered benthic environment through
the development of low oxygen conditions. After this period, a final change in benthic foraminiferal
community composition occurs which indicates a return to more oxygenated conditions during the
Holocene.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction of other parameters such as upwelling source. Furthermore, little is
Coastal upwelling zones exhibit high productivity which plays
an integral role in biogeochemical cycles and marine ecosystems.
One of the highest productive upwelling systems of the world
ocean is located off the coast of Mauritania, in the subtropical NE
Atlantic. The rationale for this study is to increase our under-
standing of how the marine environment within this subtropical
upwelling setting responded to past rapid climate change, in this
case, during the last 35 ka BP. Here, for the first time, direct ac-
counts of how the benthic environment reacted to export pro-
ductivity and climatic variations are addressed as well as the roles
ay).
known about the relationship between surface and benthic pro-
ductivity in this context. This is due to a lack of suitable high res-
olution cores and the availability of appropriate proxy data.

Several late Quaternary records from the NE subtropical Atlantic
have shown that environmental conditions and upwelling intensity
varied during the last deglaciation and the Holocene (McGregor
et al., 2007; Romero et al., 2008). Such reconstructions have illus-
trated abrupt, large-scale changes along this upwelling system (eg.
Kim et al., 2007). For example, during the Last Glacial Maximum
(LGM) sea surface temperatures were warmer, upwelling was
weaker and marine productivity was lower, when compared to the
previous older glacial and subsequent deglaciation periods (Zhao
et al., 2000). In general, primary productivity variations in coastal
upwelling areas have regularly been accredited to changes in wind
stress. However, the productivity dynamics at the site of GeoB7926
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are more multifaceted because of the complex atmospheric and
hydrographic setting (Mittelstaedt et al., 1975). Located at an
important climatic transition region of the Intertropical Conver-
gence Zone (ITCZ), changes in surface productivity and subsequent
export production are interlinked with past climate and oceano-
graphic changes at this locality and we propose that subsequently,
this strongly impacts the underlying benthos. Climate transitions
and surface productivity off the coast of NWAfrica have previously
been studied extensively (e.g. Abrantes, 2000; Zhao et al., 2000;
Romero et al., 2008), however the response of the benthic envi-
ronment has received little attention.

Benthic foraminifera serve as an important tool for recon-
structing past deep sea environments. In most open-ocean settings,
food availability associated with sea surface primary production
and oxygen availability are key limiting factors which determine
benthic communities (Gooday, 1988; Schnitker, 1994; Gooday and
Jorissen, 2012). Hence by studying faunal densities, species com-
positions and diversity parameters it is possible to reconstruct the
surface productivity changes as well as the former benthic condi-
tions whilst taking into account taphonomic processes as well as
changes in export capacity (Jorissen,1999). Moreover, organic input
is interconnected with oxygen levels as a high organic accumula-
tion can lead to oxygen depletion of the bottom- and sediment pore
water which in turn can play a role in determining the vertical
distribution of benthic foraminifera and the taxa present (Jorissen,
1999). In particular, the benthic environment of site GeoB7926 was
studied in terms of oxygenation conditions at the sea floor since the
last deglaciation (Filipsson et al., 2011). The benthic foraminiferal
faunal assemblage data is extended here in order to further assess
benthic regime shifts further back in time, during the late Marine
Isotope Stage 3 (MIS3), Heinrich event 2 (H2), the Last Glacial
Maximum (LGM), Heinrich event 1 (H1) in more detail and the
Holocene. Furthermore we compare the results with other pro-
ductivity studies from upwelling sites within the subtropical NE
Atlantic.

Here we extend the work of Romero et al. (2008) and Filipsson
et al. (2011) to provide a better understanding of pelagicebenthic
coupling and present a detailed multiproxy reconstruction. This
multiproxy approach enables the study of prospective affiliation
between palaeoproductivity and palaeoenvironmental indicators
(benthic foraminifera, diatoms, opal, total organic carbon and
CaCO3) with wind strength, upwelling intensity and climate of the
adjacent land mass (Ti/Ca ratios, grain-size analysis and end-
member modelling) from marine sediment core GeoB7926 from
the continental slope off the coast of Mauritania Furthermore, this
study is of global relevance since upwelling intensity and primary
productivity have varied considerably during the last deglaciation
(Romero et al., 2008; Gallego-Torres et al., 2014). Therefore it is of
great interest to investigate how the benthic environment respon-
ded to high latitude climate events, larger scale circulation changes
in the NE Atlantic and according changes in export production.

2. Regional settings

2.1. Climate

The atmospheric circulation patterns and climate in this coastal
region are driven by the NE trade winds and the easterly Saharan
Air Layer (SAL) (Prospero and Carlson, 1981) with interplay of the
Azores high pressure cell (Moreno, 2012). The trade wind strength
and trajectories and according upwelling intensity are primarily
dependent on seasonal ITCZ displacement (Mittelstaedt, 1991).
During boreal summer, the ITCZ has a northerly position, whereas
during winter it has a more southerly position (Nicholson, 1986).
This in turn influences the temporal dynamics of productivity by
controlling nutrient availability sourced from the influx of terres-
trial dust and upwelled nutrients.

2.2. Oceanography

As part of the NE Atlantic Boundary Current System (EBCS), a
principal feature off the coast of the NWAfrican continent is coastal
upwelling of cool, nutrient-rich subsurface water. This region is one
of the key upwelling areas in the world ocean. Offshore of
Mauritania, almost year-round upwelling occurs at the shelf
(Schemainda et al., 1975). The combined effect of the Coriolis effect
and the NE trade winds promotes Ekman transport which also
forms offshore extending upwelling filaments. This further en-
hances surface water productivity of the coastal area (Helmke et al.,
2005).

This upwelling system is characterised by significant seasonal
and regional features which results in differences in the surface
water primary productivity and export production to the
benthos (Jorissen and Wittling, 1999). Two areas of high primary
production occur (Jorissen et al., 1998); one high productivity patch
is located at the outer shelf which corresponds to the year-round
upwelling (Schemainda et al., 1975) and the second is situated
several hundred kilometres offshore. The latter productivity
maximum is caused by a hydrographic gradient during summer
whereby the offshore east-west deviation of the CC is strengthened,
which also contributes to the transportation of nutrients offshore
(Mittelstaedt, 1983).

The main surface current; the southward-flowing Canary Cur-
rent (CC) is linked to the atmospheric circulation along the
northwest continental African margin (Mittelstaedt, 1991; Pelegrí
et al., 2005). The CC is underlain by subsurface waters masses
which ascend into the surface layers through the upwelling pro-
cess (Mittelstaedt, 1991). A transition exists just north of Cape
Blanc (24�N) whereby to the north, North Atlantic Central Water
(NACW) is an important constituent of the upwelled waters and to
the south of this convergence, the upwelled waters contain a
significant portion of South Atlantic Central Waters (SACW).
Southward-flowing, deeper-running NACW (Fütterer, 1983) is
nutrient depleted in comparison to the northward-flowing SACW,
which is less saline and more nutrient rich (Gardener, 1977). At
intermediate layers, water masses are composed of the Antarctic
Intermediate Waters (AAIW; between 600 and 1000 m), Medi-
terranean and Arctic Intermediate waters down to 1500 m (Knoll
et al., 2002). Below 1500 m, North Atlantic deep water (NADW) is
present (Lutze and Coulbourn, 1983) and below 4000 m, north-
ward flowing Antarctic Bottom water (AABW) is present
(Sarnthein et al., 1982).

In addition, the site studied (Fig. 1) is located at the convergence
of the different upwelling waters; the nutrient enriched SACW and
the nutrient depleted NACW. The periphery of this convergence
migrates in position (Mittelstaedt, 1991) and hence the source of
the upwelled water changes with wind trajectories. Also, the
extension and dimension of the upwelling filaments depend on the
coastal and seafloor morphology as well as the wind induced up-
welling intensity (Hagen et al., 1996). Off the shelf edge, the sea
floor morphology is characterised by numerous trenches and large
canyons (Fütterer, 1983; Krastel et al., 2004).

3. Material and methods

3.1. Gravity core GeoB7926-2

Our study focusses on gravity core GeoB7926-2, retrieved off
northwest Africa on the continental slope 200 km off the Maur-
itanian coastline (Fig. 1), during Meteor cruise M53/1 (20�130N,



Fig. 1. Location of core GeoB7926-2 (black star) off the coast of Mauritania in the NE Atlantic Ocean. The proximity of site ODP658 (black dot) is also shown. Arrows indicate the
currents and water masses. Black arrows show surface water circulation (Canary Current and North Equatorial Countercurrent), orange show North Atlantic Central Water (NACW),
green show South Atlantic Central Water (SACW), light grey show Arctic Intermediate Water (AIW) and dark grey show Antarctic Intermediate Waters (AAIW). Inset is the present
day position of the ITCZ for August and February (Romero et al., 2008).
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18�270E, 2500 m water depth); (Meggers and Cruise Participants,
2003). The 1328 cm long sediment core mainly consists of a fora-
minifera bearing nannoplankton or diatomaceous ooze. A detailed
core description was published by Meggers and Cruise Participants
(2003) and Romero et al. (2008).

Sediment sampleswere prepared formicrofaunal analysis, stored
and are archived atMARUM(University of Bremen, Germany). In this
work, we present new results corresponding to the period 18e35 ka
(608 cme1078 cm), we also include data from Filipsson et al. (2011);
whereby 0e18 ka (upper 600 cm) was investigated with respect to
benthic foraminifera and Romero et al. (2008) focussing on the
pelagic production of 0e25 ka (the upper 820 cm).
3.2. Chronology

The age model for the core GeoB7926-2 is based on 16
accelerator mass spectrometric (AMS) 14C age determinations
(Table 1, Fig. 2) analysed on the planktonic foraminifera Globi-
gerina inflata (>150 mm fraction) (Kim et al., 2012). In order to
increase the temporal resolution and confirm robustness of the
age model originally constructed by Romero et al. (2008) and
revised by Kim et al. (2012), four additional AMS 14C ages were
determined at the Radiocarbon Laboratory at Lund University,
Sweden (Table 1). The new radiocarbon dates were converted
into calendar years using the CALIB REV6.0.0 program with the
marine calibration dataset MARINE09 (Reimer et al., 2009). As
regional reservoir ages are unknown for this upwelling setting, a
mean ocean reservoir age of 400 years (Bard, 1988) was employed
however, we acknowledge that regional reservoir ages may be
larger and may have changed overtime due to the upwelling of
older subsurface waters and changes in upwelling intensity
(deMenocal et al., 2000a). The termination of MIS3 is defined at
28 ka and the LGM is marked between 23 and 19 ka. The Bølling
Allerød (BA) and Younger Dryas (YD) are temporally defined at
15.5e13.5 ka BP and 13.5e11.5 ka BP respectively, after Romero
et al. (2008), Filipsson et al. (2011) and Kim et al. (2012). The
conventionally accepted scheme of event terminology employed
here reflects their marine and terrestrial expression. For this
INTIMATE special issue, we acknowledge that the climatic terms
are applied as follows after Rasmussen et al. (submitted): LGM:
GS2.1, B-A: GI-1 and YD: GS-1.
3.3. Diatom analysis

Diatom data has previously been presented by Romero et al.
(2008) for the interval 0e25 ka BP. Within this work we extend
the diatom record back in time to 35 ka BP, with sampling
continuing at 5 cm intervals, following preparation and counting
methods of Schrader and Gersonde (1978). Further details of the
qualitative and quantitative analyses are published in Romero et al.
(2008). Total diatom concentration includes all marine diatoms
plus freshwater species. The relative contribution of non-marine
diatoms and benthic species remain low; below 1% and 3%
respectively. The most abundant diatom species were assigned to
three groups representing 1: strong coastal upwelling, 2: moderate
coastal upwelling and 3: low productive conditions by following
well-known ecological information from low- and mid-latitude
ocean settings. To account for the changing sedimentation rate,
diatom accumulation rates (DAR) were calculated as follows: DAR
(number of valves cm�2 ka�1) ¼ D � SAR where D is the number of
diatom valves per cm3 of sediment, SAR is the sediment accumu-
lation rate (cm/ka).
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Fig. 2. Age model (black line) obtained from 16 calibrated 14C dates and sediment
accumulation rates (cm kae1) from 35 ka to present for upper 1080 cm of core
GeoB7926-2 (Romero et al. 2008; Kim et al. 2012). Blue circles denote new 14C dates.
Absolute values are summarised in Table 1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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3.4. Benthic foraminifera assemblage analysis

For benthic foraminiferal faunal analyses, 10 cm3 of sediment
was sampled, freeze-dried, wet sieved over >63 mm and >150 mm
sieves and oven dried at 40 �C. Using the >150 mm fraction, faunal
analyses of 300 specimens were determined to the species level.
This was undertaken at 10 cm resolution and higher (5 cm) where
high surface productivity was apparent, on samples corresponding
to 18e35 ka BP to extend the previous dataset of Filipsson et al.
(2011). Counts were adjusted accordingly for split samples and
taxonomic identification follows Loeblich and Tappan (1987) and
Jones (1994). We acknowledge that smaller foraminifera may be
important (Schröder et al., 1987) and therefore, the 63e150 mm
fraction was observed to check for consistent faunal similarities.
Overall, the same species were noted in the 63e150 mm fraction as
in the 150 mm but smaller species were naturally in higher abun-
dance. The general faunal characteristics are expressed as Shannon
diversity and dominance (percentage of most frequent species).
Taxa that displayed abundances of �5% were selected for statistical
analyses. To account for the changing sedimentation rate, benthic
foraminifera accumulation rates (BFAR) were calculated as follows:
BFAR (number of specimens cm�2 ka�1)¼ BF� SAR where BF is the
number of benthic foraminifera specimens per cm3 of sediment,
SAR is the sediment accumulation rate (cm/ka).

In order to distinguish the composition of benthic foraminiferal
assemblages and to highlight changing species dominance through
the GeoB7926-2 record, we applied a CABFAC factor analysis with
Varimax rotation using the software PAST (Hammer et al., 2001).
The analysis included all species with relative abundances�5% in at
least one sample. To detect which environmental variables
were influencing the foraminiferal assemblages, BEST (Bio-
Env þ Stepwise) tests were performed for each time interval indi-
vidually using the software PRIMER (Clarke and Gorley, 2006). BEST
analysis was the selected procedure because it calculates the cor-
relation between the multivariate among-sample patterns of
abundance data and that from environmental variables associated
with those samples. All species �5% were included and normalised
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and the environmental variables included were diatom concen-
tration, opal and TOC content, mean grain-size and the following
elemental counts: Ti, K, Mn, Fe, Cu and Sr. BEST analysis results
were tested for significance at r < 1%.

3.5. Bulk geochemistry

Bulk geochemical analyses for the last 25 ka BP were published
in Romero et al. (2008) and here we extend the record back to
35 ka BP as proxies of productivity. Samples were taken at 5 cm
intervals, freeze dried and ground in an agate mortar. After decal-
cification of the samples with 6 N HCl, the total organic carbon
(TOC) content was determined by combustion at 1050 �C. Car-
bonate (CaCO3) was calculated from the difference between total
carbon and TOC and expressed as calcite. Opal content was ob-
tained using the sequential leaching technique of DeMaster (1981)
with adjustments by Müller and Schneider (1993).

3.6. X-Ray Fluorescence (XRF) scanning

XRF scanning is a non-destructive method for high-resolution
analyses of elemental intensities in counts per second (cps).
Scanning was undertaken at MARUM (Bremen) on the split cores
at 1 cm intervals in the upper 350 cm of GeoB7926-2 and every
2 cm thereafter; from 350 cm downcore. From the whole set of
elements measured, we show here Ti/Ca as a proxy for wind
strength and according upwelling intensity. Calcium (Ca) mainly
reflects the biogenic carbonate content whereas titanium (Ti) is
related to siliciclastic sediment components and varies directly
with the terrigenous fraction of the sediment (Arz et al., 1998;
Tjallingii et al., 2008). As well as Ti, we also utilise the following
elemental counts for testing for correlations with benthic fora-
miniferal abundance data: K and Sr as proxies of aeolian dust
input and the redox sensitive elements Mn, Fe, and Cu to infer
potential foraminifera abundance patterns with past oxygen
levels. XRF data for the last 25 ka BP has previously been pub-
lished (Romero et al., 2008) and here we extend the record back to
35 ka BP. We log transform the elemental ratios as recommended
by Weltje and Tjallingii (2008). Using a simple linear trans-
formation enables a more easily interpretable signal of relative
changes in chemical composition and minimises the risk of
drawing inaccurate conclusions.

3.7. Grain-size analysis and end-member modelling

To determine the origin of the terrigenous fraction, grain-size
analysis and subsequently end-member modelling were utilised.
Here, we use mean particle size as a proxy of wind strength and the
end-members as proxies of terrestrial humidity (fine, fluvial muds)
and wind strength (coarser fraction). 0.5 g of sediment was sub-
sampled at 5 cm intervals and the biogenic compounds were
removed from the sediment. Organic carbon was removed by
heating the sample to 100 �C in H2O2 (35%). Subsequently, the
samples were treated for 1 min with HCl (10%) at 100 �C to remove
CaCO3 and biogenic opal was removed with NaOH. Measurements
were performed in demineralised and degassed water in order to
improve the signal-to-noise ratio of the particle-size analysis.
Grain-size distributions were measured using a Beckman Coulter
laser particle sizer LS200, resulting in 92 size classes ranging from
0.4 to 2000 mm. All pretreatments and the grain-size measure-
ments were completed at MARUM (Bremen) and data for 0 to
18 ka BP was previously published in Filipsson et al. (2011). Herewe
extend this data back to 35 ka BP. Numerical end-member model-
ling was employed to differentiate distinctive sediment sub-
populations within the grain-size distribution. Samples
corresponding to turbidites (Meggers et al., 2003) were not
included in order to avoid misrepresentation of the coarse fraction
from sediment originating from the continental shelf. The algo-
rithm EMMAwas used (Weltje,1997) and the end-members chosen
based on the goodness of fit statistics by calculating the coefficient
of determination (r2) which represents the quantity of variance of
each grain-size class that can be replicated by the approximated
data, as documented in Filipsson et al. (2011). The outcome of the
model represents real particle-size distributions whose end-
members are a statistically unique solution. Further details are
provided in Weltje and Prins (2003).

4. Results

4.1. Age model

The new radiocarbon ages fit well within the error margins of
the age model (Fig. 2, Table 1). Therefore after substantial revisions
of the age model in conjunction with these new ages, we can
reaffirm the reliability of the age model. GeoB7926 is characterised
by an unusually high sedimentation rate of w96 cm ka�1 with
highest sedimentation rates ranging between w110 and
w320 cm ka�1 during H1 and YD (Fig. 2).

4.2. Diatom assemblages

The diatom assemblage is highly diverse at site GeoB7926. At
least 200 diatom species were identified and throughout the core
the assemblages are dominated by resting spores of Chaetoceros.
Relatively high diatom accumulation occurs during late MIS3
peaking at 33.8 ka BP with 6.3 � 107 valves cm�2. Later DAR pro-
gressively increases over the course of the LGM with highest
accumulation values during late H1 and the YD, exceeding values of
6.8 � 107 and 6.4 � 107 valves cm�2 at 16.5 and 12.9 ka BP
respectively. As previously shown by Romero et al. (2008), sedi-
mentation rate correlates well with diatom concentrations and so,
the high DARs seen in this record are not merely an effect of the
high sedimentation rates.

Fig. 3 shows the temporal distribution of three main diatom
groups: species associated with (1) strong coastal upwelling, (2)
moderate coastal upwelling, and (3) pelagic, warm waters, low
productive conditions. Resting spores (RS) of Chaetoceros affinis and
Chaetoceros diadema contribute to group 1 and their downcore
distribution mostly matches well with temporal variations of total
diatom concentration (Fig. 3). Species of the moderate upwelling
group (RS of Chaetoceros compressus, Chaetoceros debilis, Chaeto-
ceros seychellarum, and spores of an unidentified Chaetoceros) are
most abundant during periods of lessened diatom production and
its contribution tends to be highest when group 1 contribution
decreases. Diatoms of warm, pelagic, low-productive waters,
mainly Actinoptychus spp., Coscinodiscus radiatus, Fragilariopsis
doliolus, and Planktoniella sol; (Romero et al., 2008) contribute the
most between 13.5 ka BP and the latest Holocene.

4.3. Benthic foraminiferal faunal assemblages

Site GeoB7926 documents both rapid and continuous changes in
benthic productivity and the environmental conditions during the
last 35 ka BP. More than 100 benthic foraminifera species were
identified within the time interval of 35 ka BP. Species with a
relative abundance of over 3% are focussed on here and the most
prominent species as displayed in Fig. 4. Several benthic forami-
niferal species persist throughout the entire record including
Nonionella iridea, Melonis barleeanum and Cassidulina laevigata but
in varying abundance.



Fig. 3. The distribution of the three identified diatom groups associated with (1) strong coastal upwelling (2) moderate upwelling intensity and (3) low productivity conditions.
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The benthic foraminiferal diversity of core GeoB7926 ranges
from Shannon diversity H(S) values of 0.86e3.24 and exhibits
short-term fluctuations throughout the core with the lowest di-
versity occurring during the YD (Fig. 4). The factor analysis resulted
in 4 factors, explaining as much as 90% of variance consisting of
nine important (score >�1 and >1) species (Table 2). The four
factors can be partitioned into four foraminiferal assemblages, each
named after the most significant species explaining each factor.
Factor 1, (42%) of the variance, correspond to the species N. iridea
and Globocassidulina crassa (synonymised taxa; Cassidulina crassa).
Factor 2 accounted for 25% of the variance and is represented by
only one species: Eubuliminella exilis (synonymised taxa: Bulimina
exilis). Factor 3 (14% of variance) was attributed to an assemblage of
Chilostomella oolina, Cibicides wuellerstorfi, M. barleeanum, Melonis
pompilioides and Uvigerina peregrina. Finally, factor 4 (9% of the
variance) denoted Cassidella bradyi (synonymised taxa: Fursenkoina
bradyi and Virgulina bradyi).
Overall as shown in Fig. 4, during the past 35 ka BP, this diverse
benthic community displays shifts in abundance and productivity
with four main assemblages, which was also confirmed by the
factor analysis. The dominant species throughout late MIS3 (35e
28 ka BP) is C. bradyi (average 45%), emphasised by factor 4. Species
of less importance are N. iridea (20%) and C. laevigata (6%). During
this time interval, abundance of C. bradyi reaches maximum values
of 70% at 31.8 ka BP, and exhibits fluctuations around 45% on
average throughout this time interval. During MIS3, the benthic
foraminifera concentrations increase from comparatively low to
more moderate levels and the BFAR reflect this (Fig. 4). Relatively
gradual fluctuations in Shannon diversity H(S) are apparent, with
values ranging from 1.25 to 2.3. As H3 does not temporally cover a
sufficient number of benthic foraminiferal faunal data points, BEST
analysis was not undertaken for this period but instead on MIS3
data points, particularly since from factor 4 we can consider
C. bradyi to be the fundamental species of this period. Within MIS3,



Fig. 4. GeoB7926-2 down-core changes in relative abundance (%) of the most common benthic foraminifera species (17e0 ka BP after Filipsson et al., 2011), benthic foraminiferal
accumulation rate (specimens cme2 kae1), Shannon diversity index, factor analysis loadings and diatom accumulation rate (valves cme2 kae1). Shadings are as follows: light orange,
late MIS3, (Marine Isotope Stage 3: 35-28 ka BP); light yellow, H3 (Heinrich event 3: 30.6-29.6 ka BP), H2 (Heinrich event 2: 24.5-23.25 ka BP), H1 (Heinrich event 1: 18e15.5 ka BP)
and the YD (Younger Dryas; GS-1: 13.5e11.5 ka BP); light blue, LGM (Last Glacial Maximum; GS-2.1: 23e19 ka BP); unshaded B-A (Bølling-Allerød; GI-1: 15.5e13.5 ka BP) and the
Holocene (11.5e0 ka BP). Note the different size x-axes of the benthic foraminiferal abundance data to emphasize the more abundant taxa. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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the BEST analysis (Table 3) evaluates diatoms, TOC, K and Sr as the
most important variables that explain the biotic patterns within the
foraminifera abundance data.

At 28 ka BP, over H2 (24.25e23.25 ka BP) and the LGM (23e
19 ka BP) C. laevigata and M. barleeanum become more abundant
reaching 19 and 25% respectively. By H2, C. bradyi decreases in
abundance whilst N. iridea remains dominant. The factor analysis
highlights N. iridea and G. crassa (factor 1) to be most significant
species within H2. The BFAR exhibits minor fluctuations and
Shannon diversity H(S) values are comparatively higher at 2.8
prior to and during H2 in comparison to MIS3 and decrease to
lower values of 2.16 on average over the course of the LGM. The
BEST analysis of H2 suggests opal and K as the two abiotic vari-
ables matching the foraminifera abundance data whereas, for the
LGM, the results suggest TOC, opal and Ti to be highly correlated
(0.81).
Table 2
Benthic foraminiferal assemblages revealed by factor analysis.

Factor Variance (%) Dominant species Score

Total variance 89.97

1 42.07 Globocassidulina crassa 1.03
Nonionella iridea

2 24.8 Eubuliminella exilis �4.95
3 14.33 Melonis barleeanum 2.64

Melonis pompilioides 2.14
Cibicides wuellerstorfi 2.07
Uvigerina peregrina 2.28

4 8.77 Cassidella bradyi �4.96
A third community shift occurs during H1. During H1 and
throughout the BA and the YD, an outstanding shift in species
composition occurs, with several species, such as C. bradyi and
C. laevigata being succeeded by E. exilis. At H1, C. bradyi is no longer
present in the assemblage and E. exilis reaches 80% (at 16.5 ka BP)
abundance in H1 and the YD which correlates with low Shannon
diversity values as low as 0.9 and 0.56 respectively during these
time intervals. From the BEST statistic results, we can see that the
variables most associated with the benthic foraminifera faunal
assemblage data changes over the course of this third assemblage
(refer toTable 3), from opal playing a more dominant role in H1 and
B-A to K and Mn in the YD.

A final assemblage change is seen during the Holocene where
the benthos exhibits a high to low productivity pattern and di-
versity is high and virtually constant at H(S) values ca 3.3. Melonis
Table 3
BEST (Bio-Env þ Stepwise) statistical analysis results: abiotic solutions explaining
the variance of the relative foraminiferal abundance data for each individual climatic
interval. All results are statistically significant at r < 1% except H2.

Interval Variables BEST r value

Late MIS3 Diatom concentration, TOC, K, Sr 0.39
H2 Opal, K n.s
LGM TOC, opal, Ti 0.81
H1 Opal, K, Ti, Sr 0.89
BA TOC, opal, K, Fe 0.95
YD K, Mn 0.57
Holocene Mean grain-size, diatom

concentration, opal, Fe
0.86
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species dominate the assemblage and species which were previ-
ously low in abundance such as Chilostomella sp., C.wuellerstorfi,M.
pompilioides and U. peregrina increase during this recent time in-
terval which is in accordance with factor 3 of the factor analysis.
Within the Holocene, the BEST analysis (Table 3) evaluates mean
grain-size, diatom concentration, opal and Fe as themost important
variables that relate to the foraminifera abundance data.

4.4. TOC, CaCO3 and biogenic opal content

Vast changes in sediment composition are recorded at site
GeoB7926 (Fig. 5). TheCaCO3contentfluctuatesbetween30%and55%
since late MIS3 with an abrupt increase at the transition from the YD
Fig. 5. GeoB7926-2 down-core variation of benthic foraminiferal accumulation rate (spec
biogenic opal (%), ln Sr/Ca, ln K/Ca, ln Ti/Ca values and proportions of end members (EM)1e
dust, respectively, presented with climatic time intervals (ka BP).
into the Holocene. TOC content ranges between 0.38 and 3.55%,
averaging at 1.84% over the entire studied interval. The late MIS3 is
characterised by the highest TOC content, reaching 3.5% at 32.7 ka BP
for example. TOC demonstrates a low- to high-productivity shift
during H1 in this record and shows moderately low concentrations
during the Holocene. Biogenic opal levels are moderate-low prior to
H1, but reached high concentrations during H1 and the YD (up to 27%
at13kaBP)witha subsequent decrease to lowvalues in theHolocene.

4.5. Terrestrial component

We utilise ln Ti/Ca ratios as a proxy of wind strength which is
highly variable on submillennial to millennial time scales at
imens cme2 kae1), diatom accumulation rate (valves cme2 kae1), TOC (%), CaCO3 (%)
3, where EM1 represents the fluvial component, EM2 and EM3 fine and coarse aeolian
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GeoB7926 (Fig. 5). Ti/Ca values ranged from 0.0045 to 0.046 with
highest values during late MIS3 and the YD. As previously reported
by Romero et al. (2008) Ti/Ca oscillates between 0.02 and 0.04
throughout the LGM and decreases in the early Holocene.

Grain-size analysis and end member modelling of the terrige-
nous fraction are utilised here to derive the provenance and
confirm different sediment transport mechanisms. Within this re-
gion, grain-sizes of fluvial material are finer in comparison to
aeolian dust (Koopmann, 1981) and hence we use mean particle
size as a proxy of wind strength in tandem with end-members to
infer the corresponding proportions of wind-blown sediment and
riverine input from the coarsening and fining of grain-size
respectively. Because of the locality of this site (Fig. 1), the terrig-
enous influx is supplied predominantly from the Sahara by the
prevailing wind systems (Wilson, 1971; Sarnthein et al., 1982) and
therefore the aeolian end members represent the carrying capacity
and hence strength, of the winds.

Moderate particle range is revealed in the late MIS3 with rela-
tively high grain-size values during the LGM (Fig. 5). Mean grain-
size is highest during the latter half of H2 in this record; at
24.25e23.25 ka BP and at the onset of H1. By the Holocene, the
mean grain-size does not show great fluctuations, it remains be-
tween 8.92 and 29.

Three distinct end-members (EM1e3) from the model were
chosen based on the goodness of fit statistics represented by the
coefficients of determination and have clearly defined sediment
distributions. The two-end-member model showed low r2 (0.6) for
the size range 11e30 mm. The three-end-member model (r2

mean ¼ 0.82) showed high r2 (>0.8) for the size spectrum except
>110 mm. The four-end-member model showed high r2 (>0.86) for
all size classes except the very fine range (<0.7 and >110 mm).
Therefore the goodness of fit statistics demonstrates that the three-
end-membermodel formed the best choice between the number of
end-members and r2. The end-members compare particularly well
with those reconstructed from this region (Holz et al., 2004;
Tjallingii et al., 2008; Meyer et al., 2013) and corroborate well
with modern day dust from the area (Stuut et al., 2005). Therefore,
in association with these studies, we infer the finest grained end-
member (EM1) as fluvial clay and the two coarser end-members
Table 4
Synthesis of a regional perspective of previous findings concerning palaeoproductivity, p

Covered time
interval

Core Coordinates Productivity conditions

Late MIS 3 ODP658C, 20�450N, 18�350W
GeoB7920-2 20�450N, 18�350W

H2 GeoB9527-5 12�260N, 18�030W High foraminiferal production

LGM GeoB5540-2, 27�320N, 14�100W Enhanced foraminiferal and
M13229 25�100N Diatomaceous production

11K 21�280N, 17�570W Lower foraminiferal production
ODP658C 20�450N, 18�350W foraminiferal production
GeoB9526-5 12�260N, 18�030W
GeoB5546-2 27�320N, 13�440W Low productivity

H1 GeoB9527-5 12�260N, 18�130W High primary productivity

GeoB 9508-5 15�290N, 17�570W Low to high productivity pattern
BA MD03-2705 18�050N, 21�090W High surface productivity

YD ODP685C 20�450N, 18�350W Low productivity
Holocene GeoB5546-2 27�320N, 13�440W Enhanced productivity
as fine (EM2) and coarse (EM3) aeolian dust respectively. Within
the GeoB7926 record, fluvial and aeolian components demonstrate
rapid and large magnitude changes over the last 35 ka BP (Fig. 5).
Generally, low amounts of fluvial input occurred except during the
B-A and the Holocene (reaching 0.85 at 13.5 and 5 ka BP respec-
tively). Aeolian input was persistent throughout the recordwith the
coarsest material exhibiting relatively high amounts during late
MIS3 and the LGM and the finer dust dominating the size fractions
during late MIS3 and the YD.
5. Discussion

The multi-proxy analyses performed provide a high resolution
reconstruction of palaeoecological, -oceanographic and -climatic
variations of the subtropical NE Atlantic since late MIS3. The
changes in primary and export productivity with benthicepelagic
coupling in a fundamental upwelling system are detailed here. The
benthic foraminifera record of this study is divided into four main
intervals corresponding to fundamental climatic events. We discuss
the changes in faunal composition of each assemblage, organised
according to selected time intervals of the productivity changes,
incorporating Late MIS3 (35e28 ka BP), the onset of MIS2; H2 and
the LGM (GS-2.1; 28e19 ka BP), H1 (18e15.5 ka BP), B-A (GI-1;
15.5e13.5 ka BP) and the YD (GS-1; 13.5e11.5 ka BP) and finally, the
Holocene (11.5e0 ka BP).

Strong coupling occurs during high phytodetritus input and
increased upwelling intensity. The highly diversified community of
diatoms is indicative of changing hydrographic and oceanographic
conditions and productivity regimes over the last 35 ka BP (Fig. 4);
see also Romero et al. (2008). When this work is compared to other
studies from this particular upwelling region, it becomes apparent
that substantial variations in primary productivity occur within a
locally confined area as summarised in Table 4. However, an
interaction of larger scale atmospheric and oceanographic changes,
opposed to just regional change, particularly during Heinrich
events, plays an influential role upon the benthos. To summarise
our results, a table highlighting our main findings and in-
terpretations is presented (Table 5).
rocesses and mechanisms.

Mechanisms Reference

Increase wind strength, Haslett and Smart (2006)
increase aridity, Tjallingii et al. (2008)
intense upwelling Kohn et al. (2011)
North Atlantic meltwater events, southerly
position of ITCZ, increased wind intensity

Zarriess and Mackensen (2010)

ITCZ expanded north, weaker Eberwein and Mackensen (2008)
Trade winds Abrantes (2000)
Unfavourable upwelling
Filament formation Martinez et al. (1999);

Zhao et al. (2000)
Zarriess and Mackensen (2010)
Holzwarth et al. (2010)

North Atlantic meltwater events, southerly
position of ITCZ, increased wind intensity

Zarriess and Mackensen (2010)

Bouimetarhan et al. (2013)
Expanded upwelling area due to active
mesoscale dynamics: eddies or low
stratification

Matsuzaki et al. (2011)

Humid climate, ITCZ moves north.
Weak upwelling Haslett and Smart (2006)
ITCZ expanded, intensified Holzwarth et al. (2010)
African monsoon
Late Holocene: increased aridity



Table 5
Summary of pelagicebenthic productivity coupling over time and according regional and climatic events.

Assemblage
phase

Climatic
period

Age
(ka BP)

Primary
productivity

Dominant
benthic fauna

Benthic ecological significance Synthesis Reference

1 Late MIS 3 35e28 High C. bradyi Fresh phytodetritus input, high
OM input

Strong benthic-pelagic coupling Personal comm. Seidenkrantz, M-S &
Austin, W.

N. iridea High phytodetritus input, high
productivity at the sea floor

Strong benthicepelagic coupling Polovodova Asteman et al. (2013)

2 H2 25e24 Low to high surficial
productivity
pattern, comparatively
lower

C. laevigata Oxygen poor environment Murray (1991)

M. barleeanum Refractory organic matter in
altered form tolerates moderate
oxygen
depletion

Caralp (1989)

Tight benthicepelagic coupling with
regards to diatom and benthic

Sen Gupta and Machain-Castillo (1993)

LGM 23e19 Progressive increase
in diatom flux

N. iridea High productivity at the sea floor foraminiferal flux Gooday and Hughes (2002)

C. laevigata High organic input Corliss and Emerson (1990)
3 H1 18e15.5 Exceptionally

high
E. exilis Labile OM input, low oxygen

conditions
High surficial productivity hinders
benthic diversity & flux

Caralp (1989)

M. barleeanum Refractory organic matter in
altered form

Caralp (1989)

BA 15.5e13.5 Moderate-high E. exilis Labile OM input, low oxygen
conditions

Inverse relationship between surface
productivity and benthic productivity
and diversity

Caralp (1989)

C. laevigata Oxygen poor environment Murray (1991)
M. pompilioides Organic rich environment Fariduddin and Loubere (1997)
C. wuellerstorfi Prefer well oxygenated deep-and

bottom
water conditions

Mackensen et al. (1995), Schmiedl
et al. (1997)

YD 13.5e11.5 Exceptionally high E. exilis Labile OM input, low oxygen
conditions

Still coupled but negative impact on
the benthos due to exceptionally
high OM input

Caralp (1989)

G. turgida Low oxygen, degraded OM Sweetman et al. (2009)
4 Holocene 11.5e0 Low M. barleeanum Refractory organic matter in

altered form
Caralp (1989)

M. pompilioides Organic rich environment Fariduddin and Loubere (1997)
C. wuellerstorfi Oxygenated Pelagic-benthic decoupling Lohmann (1978)
U. peregrina High organic matter rain rates Sen Gupta and Machain-Castillo (1993)

low to moderate oxygen depletion
in the
bottom and pore water

Schmiedl et al. (1997)
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5.1. Assemblage 1: late MIS3 (35e28 ka BP) intense upwelling, high
aridity and moderate-to-high benthicepelagic coupling

Although NW Africa was punctuated by millennial scale humid
phases during MIS3 (Holzwarth et al., 2010), late MIS3 was char-
acterised by dry conditions (Haslett and Smart, 2006; Weldeab
et al., 2007; Tjallingii et al., 2008). With regard to productivity,
this period does not appear stable over time and great fluctuations
are recorded in relatively high organic carbon and diatom pro-
duction, potentially reflecting these rapid climatic switches.
Indeed, during 35e28 ka BP, our end-member modelling indicates
elevated amounts of fine dust input from the adjacent land mass,
via increasedwind strength as evidenced from the Ti/Ca values. Our
results are consistent with previous studies located along the NW
African coast (Zhao et al., 2000) and in particular a low humidity
index has been noted for this specific area during MIS3 (Tjallingii
et al., 2008; Fig. 6). We propose that increased wind and accord-
ing upwelling intensity and enhanced surface water production
was potentially caused by a change in the wind trajectories.

Our study reveals that the benthic foraminiferal species C. bradyi
dominated the benthic assemblage during late MIS3 (Fig. 4 and
Table 2), with N. iridea and G. crassa being important accessory
species; all of which have an affinity for phytodetritus (Suhr and
Pond, 2006; Polovodova Asteman et al., 2013). This applies to H3
also, however, in general, relative increases in benthic foraminifera
Fig. 6. Palaeoenvironmental records of core GeoB7926, alongside other subtropical NE Atlan
chronology 2005 (GICC05) timescale (Svensson et al. 2008) for the last 35 ka BP. Note that 50
be comparable with the 14C calibrated time scale. For each individual record, yellow bars ind
bars indicate the LGM (GS-2.1). (For interpretation of the references to colour in this figure
concentration and Shannon diversity values occur during
decreased diatom concentration over late MIS3 (Figs. 4 and 6).
Although modest, this inverse relationship is also apparent from
the DAR and BFAR (Fig. 4) and suggests that high primary pro-
ductivity potentially decreased the BFAR. However, from the
benthic faunal composition, we do not find evidence to suggest
anoxic conditions at the sea floor, particularly as diversity does not
decline. The close correspondence between increased Ti/Ca values
and fine dust input, relatively high DAR, abundance of diatom
species indicative of high upwelling intensity (Fig. 3; mainly C.
affinis and C. diadema spores) and phytodetritus consuming benthic
foraminifera (C. bradyi, N. iridea and G. crassa) indicate that the
upwelling conditions provoked a relatively strong pelagicebenthic
coupling. From this, we can deduce that the benthic foraminifera
responded to productivity at both community scale and at species
level (Table 5).

Finally, the BEST statistics suggest that diatoms, TOC, K and Sr
explain the benthic foraminiferal faunal composition (Table 3).
Potassium is frequently used as indicators of terrigenous supply to
the marine environment (Fütterer, 2000) and strontium is very
mobile during weathering processes (Meyer et al., 2011). We
therefore interpret the benthic faunal changes as a result of higher
primary productivity from an increase in nutrient input at the
surface water column to be due to high upwelling intensity and
weathering processes. We suggest that the upwelling conditions
tic records and the NGRIP ice core (NGRIP Members, 2004) with the Greenland ice core
yr were subtracted from the original GICC05 timescale (before yr AD 2000) in order to
icate the approximate occurence of Heinrich events and also the YD (GS-1). Light blue
legend, the reader is referred to the web version of this article.)
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and filament locality were optimal for the benthos during MIS3 to
support a strong relationship between the pelagic and environ-
ment. However, we have not recorded any faunal indications of low
oxygen conditions at the sea floor during MIS3.

5.2. Assemblage 2: onset of MIS2; H2 and the LGM (GS-2.1) (28e
19 ka BP) fluctuations in upwelling intensity and strong benthice
pelagic coupling

A second benthic foraminiferal shift occurs during 28 to
19 ka BP; incorporating H2 and the LGM. Our results show
comparably lower primary productivity and lower BFAR (Fig. 4)
with a faunal assemblage showing variable food availability. From
28 to 24 ka BP, the factor analysis of the foraminifera species
highlights G. crassa, C. laevigata and M. barleeanum, as being the
most significant species (Fig. 4). The former consumes fresh
phytoplankton material (Suhr and Pond, 2006) whereas the latter
two foraminifera species along with U. peregrina consume organic
matter of altered form (Caralp, 1989; Schmiedl and Mackensen,
1997), all increase in abundance, albeit not simultaneously. This
corresponds with low diatom concentrations until the onset of H2
at 24.5 ka BP. This highlights changes in nutrition obtainability.
One plausible explanation is that this refractory material was
already present and therefore these species survived on organic
matter with low nutritional value (Jorissen and Wittling, 1999).
We suggest that upwelling conditions during this time until mid
H2 were much weaker, inferred from the Ti/Ca values (Fig. 5) and
decline in the abundance of diatoms indicative of strong upwelling
(Fig. 3) and therefore not suitable to sustain markedly high export
production.

H2 in this study can be regarded as a period allocated into two
discrete stages that progressed from an interval of low marine
primary productivity from 24.25 to 23.75 ka BP to a phase with
higher productivity between 23.75 and 23.25 ka BP. The factor
analysis highlights phytodetritus consumers N. iridea and G. crassa
as themain associated species in factor 1 which can be attributed to
this assemblage. From this observation, we infer that these two
species respond at great rapidity to increasing fresh phytodetritus
input and therefore exhibits strong coupling during H2.

During the latter part of H2 (at 23.75e23.25 ka BP), aeolian
proxies provide evidence for increased wind intensity and
enhanced upwelling which promoted diatom abundance (Fig. 5).
This episode coincides with a foraminiferal faunal assemblage that
reverts back to a dominance of phytodetritus feeders with the in-
crease in abundance of N. iridea and an initial appearance and in-
crease in low oxygen tolerant E. exilis at the end of H2 (Fig. 3). We
propose the reduction in Atlantic meridional circulation (AMOC)
may have contributed to this peak in E. exilis by reducing the
ventilation and hence dissolved oxygen concentration at lower
latitudes. This combined with the increase in diatom abundance
(Fig. 4) may have exceeded a threshold as to reduce the forami-
niferal abundance and impact the benthic environment to the point
of anoxic conditions.

The BEST statistics suggest that this benthic foraminiferal faunal
response is caused by the opal and K fluctuations, however, this
BEST result is not statistically significant, most likely due to so few
samples (n ¼ 4) derived from H2. We attribute this primary pro-
ductivity shift as a result of a significant intensification of the NE
trade winds over this region, resulting in strengthened upwelling
which in turn promoted nutrient rich sea surface conditions.
Abrupt changes in wind intensity and aridity that occur simulta-
neously with cold high latitude Heinrich ice rafting events have
previously been attributed to a southward ITCZ migration (Street-
Perrott and Perrott, 1990). This highlights the complexity of the
hydrographical setting off the coast of Mauritania and how
atmospheric changes impacts upon upwelling activity and ac-
cording food availability whereby the benthos responds at great
rapidity.

5.2.1. The LGM
At the onset of the LGM at 23 ka BP, the turbidite occurrence

(Meggers et al., 2003) and appearance of species such as Elphidium
macellum; a shallow water, epiphytic species indicate downslope
transportation. Recurrent turbidite events occur in this region
(Hanebuth and Henrich, 2009) therefore the initial great increase in
foraminifera productivity at 22.3e22.9 ka BP has not been included
in Fig. 4, as is not a true signal of benthic paleoproduction, but
rather an effect of transport.

The dominance of N. iridea, C. bradyi, G. crassa and C. laevigata
demonstrate high organic input. Again, the species with a prefer-
ence for fresh phytodetritus demonstrate an instantaneous
response to the increase in diatoms (Fig. 4). This emphasises a tight
pelagicebenthic connection during the LGM. Our diatom concen-
trations and DAR demonstrate a progressive increase in pelagic
productivity during the LGM (Figs. 4 and 6). As this trend corre-
sponds to relatively moderate BFAR, this again highlights how high
organic input can constrain the benthos with regards to population
and diversity. In general, from the coarse grain size fraction and
diatom group indicative of strong upwelling (Figs. 3 and 5), we infer
comparably strong winds and moderately enhanced upwelling
intensity.

Our findings are characteristic of other archives from along the
NW African coast which have been interpreted as being related to
changes in wind intensity (Matsuzaki et al., 2011; Moreno, 2012)
and are explained in terms of a southward shift in the ITCZ. In
contrast, some sedimentological studies of the NW coast of Africa
have shown comparatively weaker trade wind intensity and lower
productivity of the subtropical NE Atlantic during the LGM (Zhao
et al., 2000; Henderiks and Bollman, 2004; Zarriess and
Mackensen, 2010). These contrasting results highlight that palae-
oproductivity patterns during the LGM were rather complex and
exhibited a spatial heterogeneous response, since the records are
all recovered from the same EBCS. These observations emphasise
the importance of the proximity to the ITCZ and its according
impact upon the trade winds.

The progressive productivity trend could potentially be related
to lower sea level during the LGM leading to partly exposing the
shelf and different coastal morphology (Holzwarth et al., 2010).
This is likely to have resulted in an offshore migration of the up-
welling filament and its geometry (Zhao et al., 2000). This move-
ment in the high productivity zone has previously been reported in
the NWAfrican upwelling system during the LGM (Giraud and Paul,
2010). Furthermore, as previously postulated by Romero et al.
(2008), this comparatively moderate-high primary productivity
may be mainly due to upwelling of NACW supplying silica poor
water. As this site is situated at the convergence between two up-
welling components; the NACW and SACW and the periphery of
which migrates in position (Mittelstaedt, 1991; Helmke et al.,
2005), we interpret the productivity results to be due to oceano-
graphic and wind regime change. Overall, in spite of stronger trade
wind intensity during the LGM, site GeoB7926 demonstrates that
global atmosphere-ocean changes lead to localised factors which
impact upon the surface productivity and corresponding benthic
environmental response.

On a final note, coupling between the near surface environment
and the benthos is also reported from the BEST statistical analysis
(Table 3), as TOC, biogenic opal and Ti support this notion that
organic input, sea surface productivity and upwelling intensity are
the influential factors on the benthic fauna, confirming a strong
pelagicebenthic interrelationship during the LGM.



C.L. McKay et al. / Quaternary Science Reviews 106 (2014) 299e315 311
5.3. Assemblage 3: H1 (18e15.5 ka BP), B-A (GI-1; 15.5e13.5 ka BP)
and the YD (GS-1; 13.5e11.5 ka BP) deglaciation, increased
upwelling intensity, high surface productivity and suppressed
benthic production

Overall, assemblage 3 is characterised by a great regime shift,
both primary productivity and the structure of the benthic fora-
miniferal fauna change significantly. Now dominated by E. exilis, as
confirmed by factor 2 of the factor analysis, the assemblage shows
comparably low, although fluctuating, diversity. Overall, during the
deglaciation a strong response from the benthos to the export
production occurs, as the extremely high DAR promotes low BFAR.

5.3.1. Heinrich event 1
Overall, based on our diatom record, H1 exhibits comparably

high primary productivity. Fluctuations in DAR are recorded, with
prominent diatom species indicative of strong upwelling across H1.
From the increase in the coarse fraction (Fig. 5) during 17e15.5 ka BP
we infer increased wind strength, which compares well with the
timing of an intensification of the NE trade winds (Bouimetarhan
et al., 2013). In particular, it has also been proposed that particu-
larly after 17 ka BP a northward displacement of the Canary Current
occurred, potentially due to the AMOC slowdown during H1
(Romero et al., 2008; Gallego-Torres et al., 2014). Therefore, thismay
have promoted SACWas the main upwelling component, providing
silica richwater, shown here by the increased biogenic opal content.
Our statistical analysis (Table 3) confirms that opal is the most
influential factor upon foraminifera assemblage composition,which
supports this notion. This linear relationship between high latitude
events, resultant AMOC slowdown and low latitude climate has
previously been documented due to the interrelationship with the
ITCZ position (Mulitza et al., 2008).

Simultaneously, at ca 17 ka BP, extremely high abundance of the
low oxygen tolerant species E. exilis occurs in correspondence to a
significant increase in primary productivity as demonstrated by the
opal and TOC content (refer to Figs. 4 and 5). This particular species
is known to occur in oxygen-poor abyssal waters in this region
(Caralp, 1989; Sen Gupta and Machain-Castillo, 1993) and therefore
highlights a tight pelagicebenthic coupling (Table 5) to the extent
that surface productivity actually has a negative impact on the
benthos by promoting hypoxic or possible anoxic conditions.
Filipsson et al. (2011) previously reported that low oxygen condi-
tions during the YD were likely due to such large supply of organic
matter and fresh phytodetritus to the seafloor that caused a
reduction in pore water oxygen content during remineralisation
(Jahnke et al., 1994). Of integral significance is the almost complete
decline of C. bradyi and G. crassa which rely on the same fresh
phytoplankton diet (Suhr and Pond, 2006) in conjunction with the
instantaneous thriving of E. exilis. This provides substantial evi-
dence that the benthic oxygenation levels crossed a threshold
whereby the former species could no longer survive. Furthermore,
benthic foraminifera concentrations are relatively low during H1
(Fig. 6). These observations confirm that food supply derived from
surface primary productivity and oxygen levels are the principal
influence on the benthic foraminifera assemblages within this
upwelling system. In recent studies, considerable emphasis has
been placed on these limiting factors (Gooday, 2003). Our study
explicitly provides evidence that organic export and oxygen are the
two key factors governing the benthic foraminiferal community
composition.

Paradoxically, observations made southward at 12�N have
demonstrated high benthic foraminiferal concentrations (Zarriess
and Mackensen, 2010) as shown in Fig. 6. More specifically, their
record showed no evidence of E. exilis abundance but low organic
carbon input. This was interpreted in terms of an offshoremigration
of the upwelling cell. Such contrasting results could be due to the
latitude of the core site and associated position of the ITCZ.

All of these proxies converge to imply enhanced productivity
related to an increase nutrient input and strengthened upwelling
system during the latter phase of H1 (17e15.5 ka BP), which caused
benthic foraminifera diversity to be low and the assemblage to be
indicative of low oxygen conditions. The BEST statistics (Table 3)
suggest that opal, Ti, K and Sr represent the most influential envi-
ronmental factors upon the benthic foraminiferal faunal assem-
blages. This supports our interpretations that nutrient enhanced
upwelled waters and stronger winds promoted upwelling condi-
tions suitable for such high diatom abundance which provided
excessive phytodetritus input to the benthos.

5.3.2. Bølling-Allerød (GI-1)
The Bølling-Allerød (B-A) period is characterised by low Ti/Ca

values and grain size with a dominance of the fluvial end-member
component of the terrigenous input (Filipsson et al., 2011) which
points to lower wind and according upwelling intensity and humid
conditions. Despite the fact that there is currently nofluvial activity in
the vicinity of site GeoB7926, a palaeo river system is evident from
topographical studies (Vörösmartyet al., 2000) couldpotentially have
been an active source during humid events. This African Humid
Period iswell documentedandhasbeen attributed to a strengthening
of the African monsoon (deMenocal et al., 2000b). A diverse range of
proxydatahighlight apromptonsetofahumidclimateduring theB-A
which corresponds with our record. Lake level and pollen studies
from the West Africa region suggest higher precipitation and an
increased abundance of temperate taxa (Hoelzmann et al., 1998).
Furthermore, this climatic shift has also been registered in elemental
records from 15�Nwhereby Al/Si and Fe/K values correlate well with
our end-member results (Mulitza et al., 2008; Fig. 6).

Our results provide evidence of comparatively high surface pro-
ductivity, albeitnot asextensive asH1. Thisoccurs in conjunctionwith
adecreasedabundanceofE. exilis relative toH1andYD(Fig. 4, Table5)
and other species increase in abundance, such as C. wuellerstorfi, a
species which requires oxygenated conditions (e.g. Schmiedl et al.,
1997) and U. peregrina. We therefore suggest that the benthic envi-
ronment returned tomoreoxygenatedconditionsduring theB-Awith
adequate organic contribution. The BEST statistics suggest TOC as the
main controlling factor upon the benthic foraminiferal assemblage
highlighting again the coupling with pelagic organic input. Alto-
gether, these observations suggest that the upwelling conditions,
primary productivity and subsequent organic matter input were at a
suitable level for the benthic foraminifera to recover in diversity after
the low oxygen conditions that occurred previously during H1.

5.3.3. Younger Dryas (GS-1)
During YD, enhanced Ti/Ca values, increased mean grain-size and

highDARanddiatomconcentrations are clearlyevidenced (Figs. 4 and
6). From this we deduce that the YD period exhibits a rapid intensifi-
cation of the trade wind and upwelling. This agrees well with other
records, for example the upwelling index of Holzwarth et al. (2010)
from a study conducted further north at 27�N (Fig. 6). Furthermore,
high biogenic opal maxima during each glacial termination over
longer timescales have been reported from the NWAfrica upwelling
system (Meckler et al., 2013). These peaks in opal export have been
found to be consistent with a reduced formation of silica depleted
glacial North Atlantic intermediate water (GNAIW) (McManus et al.,
2004) which has been proposed to encourage mixing and the ascen-
dancy of silica-rich deep water to the surface ocean at low latitudes.

The high diatom productivity provoked by intense upwelling
activity in the GeoB7926 record is coupled with low foraminifera
concentrations and diversity. However, whilst DAR is high, spores
indicating strong upwelling decline during the YD as diatoms
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representing lower productivity increase (Fig. 3). One hypothesis of
the underlying reason for this contrasting signal in diatom in-
dicators is the ballasting effect. Iversen et al. (2010) suggest that
diatom concentrations are important predecessors for aggregate
formation which exports organic matter to the sea floor and that
high aeolian dust flux results in increased export off Mauritania via
ballasting. We propose that diatoms and other primary producers
are drawn down from the surface ocean via this process. Therefore,
regardless of the increased upwelling intensity providing nutrient
rich waters, the diatom species may not be representative of the
surface conditions at site GeoB7926 due to export of organic matter
to the benthos at an increased sinking velocity of aggregates
formed from high fine grained dust input (Fig. 5). This exceedingly
high export demonstrates a pronounced disadvantage of the
benthic community during the YD (Filipsson et al., 2011).

Over the course of the YD, the benthic foraminiferal assemblage
composed almost entirely of low oxygen tolerant taxa E. exilis and
Globobulimina turgida (Table 5) which suggests a return to low ox-
ygen conditions at the sea floor. As the Shannon diversity is so low
due to the majority of other species being almost in complete
decline. One plausible explanation is that the ocean bottom water
conditions turned hypoxic during the YD. We define the persistence
and increase abundance of the low oxygen tolerant E. exilis as a de-
gree of oxygen depletion which has induced stress on the rest of the
community (Tyson and Pearson, 1991). Moreover, this emphasises
the role of food input and oxygen as the two foremost controlling
factors that impact the benthos. Overall, the YD benthic foraminiferal
community composition shows a response to changes in hydrogra-
phy and climatic conditions. Furthermore, the BEST statistical ana-
lyses show that the redox sensitive element Mn corresponds with
this faunal change, emphasising low oxygen conditions. This is
further supported by bulk geochemistry data of GeoB7926 (Gallego-
Torres et al., 2014) whereby water column anoxia and deep water
ventilation from AMOC slowdown have been evidenced from Mo
enrichment, enhanced by high export productivity.

5.4. Assemblage 4: the Holocene (11.5e0 ka BP) decreased
upwelling intensity and low pelagic and benthic productivity

Holocene climate is recognised by significant productivity and
environmental changes with a fourth shift in the benthic forami-
niferal assemblage at 11 ka BP.

Diatom species such as Actinocyclus senarius which thrive in
warm waters (Romero et al., 2008) characterise the Holocene
(Fig. 3), with DAR much lower than previously recorded in
GeoB7926-2. This therefore suggests the establishment of low
productive conditions over the area however; it is widely known
that the Holocene is not a period of constantly warm climatic
conditions (deMenocal et al., 2000b) and our record is no excep-
tion. With regards to upwelling intensity, we interpret the diatom
record as indicative of comparably weaker upwelling.

Byobservingourend-membermodel results,we can consider that
high fluvial inputs reflect periods of increase humidity over the
adjacent continent, particularly during the early Holocene. This is
supported by other studies from this region whereby dust transport
declined as a result of weaker wind intensities (e.g. Mulitza et al.,
2008; Fig. 6). In the early Holocene, also termed the “African humid
period” (deMenocal et al., 2000b), the climatic conditions of the NW
African regionwere significantly different,whereby the adjacent land
mass was more humid due to the monsoonal system (Gasse, 2000)
and weaker intensity of the trade winds (Kuhlmann et al., 2004).

Subsequently, at ca 9 ka BP (late Holocene), the sharp increase
from low to high Ti/Ca ratios in tandem with a shift to a dominance
of fine aeolian sediment opposed to the previous recurrent fluvially
derived fine particles (Fig. 5) indicatesmore arid conditions. Thismid
Holocene shift to arid conditions is in accordance with other studies
of NWAfrica climate (Sarnthein et al.,1982; Gasse, 2002;Meyer et al.,
2013). Rapid climate changes during the interval 8.5 ka BP have
previously been reported in the African subtropics and attributed to
coincide with the most prominent Holocene climate event at high
latitudes, observed in Greenland ice-cores (Alley et al., 1997). This is
interpreted as a transfer to present arid conditions occurring now in
NWAfrica. Whilst diatom productivity did not exhibit a response to
this transition, we show here that the benthic foraminifera concen-
tration, BFAR and CaCO3 also exhibit high values during the early
Holocene before rapidly declining in the latter half of this climatic
period. The striking increase in CaCO3 over the first half of the Ho-
locene suggests a dominance of calcareous producers. Overall, the
Holocene reveals a final, marked structural shift in the benthic for-
aminferal faunal composition and diversity within the GeoB7926-2
record (Figs. 4 and 6) which we hypothesise is associated with
changes in atmospheric conditions and reduced upwelling intensity.
Moreover, the Shannon diversity values are the highest of this entire
record and therefore we interpret that the reduction in export pro-
ductivity allows oxygen levels at the seafloor to recover which in
turn, enables the establishment of a diverse benthic community. This
is supported by the rapid decrease in E. exilis and an increased
presence of C. wuellerstorfi. In addition, the Holocene sees
U. peregrina thriving and a return ofM. barleeanum and other species
that have preference for amore refractory organicmatter diet, which
highlights organic material of altered form being more readily
available than fresh phytodetritus.

Therefore, we can thus consider that the corresponding high
fluvial input provided an alternative food source to the benthos. In
addition, the BEST statistical analysis show the factors explaining
the foraminifera abundance changes through the Holocene are
mean grain-size and opal, both of which are low during the Holo-
cene. As diatoms are the highest contributor to opal content in core
GeoB7926 (with other siliceous components providing low con-
tributions), we interpret the BEST result to suggest a decoupling
between the pelagic and benthic environment due to lower up-
welling intensity and accordingly, lower surface production. Over-
all, we demonstrate that the Holocene should not be regarded as an
interval of merely comparatively low surface productivity condi-
tions, but also a period divided into contrasting hydrological and
benthic productivity phases.

6. Conclusion

The high resolution, multi-proxy study analysed here provides
new insights regardingmillennial scale palaeoproductivity changes
over the last 35 ka BP in the subtropical NE Atlantic. Pelagic and
benthic productivity fluctuations at site GeoB7926 suggest a strong
connection with subtropical climate change at well as high lat-
itudinal variations through the shifting in position of the ITCZ and
ocean circulation changes.

This study highlights that substantial ecological inter-
relationships are governed by a complex, interchanging set of fac-
tors, namely upwelling intensity, nutrient source and hydrographic
conditions. Four benthic foraminiferal assemblages are present in
the GeoB7926 record corresponding to fundamental high latitude
climatic events, firstly during late MIS3, secondly during early
MIS2, H2 and the LGM, thirdly from H1 to the YD and finally over
the Holocene. The changes in benthic foraminifera community
composition reveal rapid responses to changes in primary and
export productivity regimes as well as bottomwater conditions. In
particular, we show explicitly that oxygen and food are the utmost
important factors controlling benthic foraminiferal assemblages.

Arid climate conditions on the NW African continent prevailed
during late MIS3, H2, LGM, H1 and YD and humid conditions arose
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during B-A and the Early Holocene. MIS3, H2 and the LGM are
characterisedbymoderate surfaceproductivityandboth thebenthic
productivity and community composition showed tight pelagice
benthic coupling. Our data shows prominent coupling between the
sea surface and bottomwaters during periods of high phytodetritus
input, particularly during H1 and YD where such exceedingly high
primary production led to detrimental effects at the sea floor by
promoting low oxygen conditions, illustrated by the dominance of
E. exilis. The Holocene is defined as a comparativelymore stable and
loweredproductivityperiodwith regards toprimaryproductionand
benthic foraminiferal abundance with atmospheric and hydrologi-
cal changes of large amplitude potentially having a more dominant
effecton thebenthic foraminiferal concentrations. Bycomparingour
datawithdifferent records from this region,wevalidate ourfindings
as well as highlight variations in primary and export production
within a locally confined area. This emphasises the impact of not
only upwelling intensity but also filament position and extension
upon the underlying benthic environment.
Plate 1
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1. Bulimina aculeata d’Orbigny, 1826
2. Eubuliminella exilis (Brady, 1884)
3. Cassidella bradyi (Cushman, 1922)
4. Uvigerina peregrina Cushman, 1923
5. Cassidulina laevigata d’Orbigny 1826
6. Cibicides wuellerstorfi (Schwager, 1866)
7. Elphidium macellum (Fichtel and Moll, 1798); Knudsen

(1973): p. 287, pl. 2, fig. 7.
8. Melonis pompilioides (Fichtel and Moll, 1798); Eberwein

(2006): p. 103, pl. 2, fig. 3.
9. Melonis barleeanum (Williamson, 1858); Eberwein (2006):

p 103, pl. 2, fig. 2.
10. Nonionella iridea Heron-Allen and Earland, 1932
11. Tosaia hanzawai Takayanagi, 1953
12. Quinqueloculina seminulum (Linnaeus, 1758); Ingle et al.

(1980): p. 142, pl. 9, figs. 14e15.
13. Pyrgo murrhina (Schwager, 1866)
14. Triloculina tricarinata d’Orbigny, 1826

SEM images of common, recurrent and transported (E. macellum
and T. hanzawai) benthic foraminiferal species in >150 mm fraction
within the GeoB7926 record. Each scale bar represents 100 mm.
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