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Benthic and planktic foraminifer assemblages together with oxygen stable isotope were studied in the PRGL1
borehole (Promess1), drilled on the upper slope of the Gulf of Lions, with a view to reconstruct the impact of
climate changes on surface and bottomwaters between MIS7 and MIS6. Foraminifer species were grouped by
R-mode principal components analysis. We obtained 3 factors in benthic assemblages that were related to
eutrophic, mesotrophic and oxygenated environments. In the planktic foraminifer assemblages four factors
were considered that explained the changes of sea surface temperature, productivity and turbulence in the
water column. Variations in the terrestrial organic carbon supply associated with eustatic sea level changes
mainly controlled oxygen consumption and the benthic communities. During MIS7, the benthic communities
were mainly mesotrophic owing to the low supply of terrestrial organic carbon because the coastline was
distant from the slope. However, during MIS6 the sea level drop caused a rapid progradation of the River
Rhone prodelta and dramatically increased the supply of terrestrial organic carbon, resulting in a pronounced
increase in eutrophic foraminifers. Apart from the effect of the river discharge, which contributed to the
reduced oxygen content, we recognized periods of intense bottom ventilation during MIS 6 and, to a lesser
extent, in the substadial stages of MIS 7. The ventilation events are well matched by higher turbulence and
convection in thewater column during cold episodes associated with an intensification of the northwesterlies.
In contrast, during the short, millennial scale warming events of MIS6 the stratification of the water column
rapidly reduced bottom ventilation. These results are consistent with those reported in previous studies that
point to enhanced dense-water formation in the Gulf of Lions during cold stages.
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1. Introduction

Ventilation of the deep Mediterranean Sea is mainly driven by
winter changes in wind intensity in the region of the Gulf of Lions
which triggers dense deep-water formation (Millot, 1990). Subse-
quently, these changes play an important role in controlling the
distribution of deep-sea benthic microfaunas that are adapted to
different oxygen concentrations. Studies carried out in recent years
have revealed that the rates of deep water ventilation were higher
during glacial periods and lower during interglacials (Cacho et al.,
2000, 2006; Kuhlemann et al., 2008; Sierro et al., 2009). However,
little is known about the changes in the oxygenation of intermediate
waters and the benthic microfaunal assemblages living in these water
masses.
In the present study we analyzed the benthic foraminifer
assemblages from the PRGL1 borehole, drilled on the upper slope of
the Gulf of Lions continental margin, in order to determine the main
paleoceanographic and paleoclimatic changes that occurred in this
region between 133 and 248 kyr ago. The location of this site not far
from the shelf-break, means that it has potential for recording past
changes in productivity and ventilation in the upper part of the water
column (its paleodepth during glacial maximum was only 170 m) as
well as changes in sediment and organic carbon supply from the
Rhone River. Currently, the river mouth and the fine-grained
prodeltaic sediments, which are rich in organic carbon, are being
deposited near the coast, about 70 km away from the upper slope.
However, during glacial periods the prodelta was very close to the
shelf break (Jouet et al., 2006), changing the substratum and food
availability of the benthic communities living there.

To date, few studies have reviewed the benthic foraminifer
assemblages of the Gulf of Lions area (Schmiedl et al., 2000; Fontanier
et al., 2008; Mojtahid et al., 2009), and none of them has focused on
MIS 6 and 7. Schmiedl et al. (2000) described the distribution pattern
and microhabitat of living benthic foraminifers from two upper
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bathyal stations differing mainly in total organic carbon and the
bottom oxygen content. Fontanier et al. (2008) reported the
ecological distribution of living benthic foraminifers obtained from 6
stations at different depths between 350 m and 2000 m. Those
stations had different conditions of total organic carbon, sources of
organic carbon and oxygen concentrations. Mojtahid et al. (2009)
focused their study on comparing the density and variability of living
benthic foraminifer assemblages with the quality of organic matter
(δ13C and C/N-ratios). Regarding planktic foraminifers, one of the
most important studies for the Mediterranean Sea was conducted by
Pujol and Grazzini (1995), who based on samples of living
assemblages collected along a NW–SE transect established the current
general patterns of distribution in winter and spring. Few studies have
compared planktic and benthic foraminifer assemblages in the Gulf of
Lions (Vénec-Péyre, 1990; Melki et al., 2009). Vénec-Peyré (1990)
used benthic and planktic foraminifer abundances to demonstrate the
importance of sedimentary processes in controlling the composition
and distribution of recent thanatocenoses. Melki et al. (2009) using
benthic and planktic foraminifer abundances explained the links
between surface water temperature, salinity, primary productivity
and deep-water masses in rapid fluctuations over the past 28 kyr.

1.1. Regional settings

The Gulf of Lions is situated in the north-western part of the
Mediterranean Sea. The general surface circulation is mainly driven by
the Northern Current (NC), which is divided into two branches: the
main branch, flowing through the open sea along the Catalan-Balearic
Sea, and the secondary branch, which circulates along the edge of the
continental shelf (Millot, 1990). The secondary branch is composed of
surface layers of the main current that spread onto the continental
shelf (Lapouyade and De Madron, 2001). Owing to seasonal
stratification and the wind system, the current oscillates in magnitude
and direction over the year, doubling its magnitude during winter in
comparison with the summer (Béthoux, 1984).

The Gulf of Lions is an area of dense deep-water formation. Cold
northwesterly winds (the Mistral and Tramontana) blowing through
the passages between the Pyrenees, the Massif Central and the Alps
cool the surface water, which, as a result of its increasing density,
sinks. The sinking speed can reach values of up to 10 cm/s in large
areas of open sea (up to tens of square kilometers) (Millot, 1990).
Another event that involves deep-water formation in the Gulf of Lions
occurs on the continental shelf and is usually referred to as Dense
Shelf Water Cascading (DSWC). DSWC is produced during winters
when dry and cool northwesterly wind events are prolonged. Despite
the gain in buoyancy induced by fresh water input from rivers, the
surface water of the continental shelf increases its density and sinks
(Canals et al., 2006; Palanques et al., 2006). DSWC has been observed
in several areas (Ivanov et al., 2004; Vilibic et al., 2004). It appears as a
predominant mechanism controlling both the annual and interannual
variability of shelf water export in several places (Béthoux et al., 2002;
Dufau-Julliand et al., 2004; Guarracino et al., 2006). Dense waters flow
down the continental slope until they reach their hydrostatic
equilibrium level, contributing to the formation of Winter Interme-
diateWater (WIW) (Dufau-Julliand et al., 2004) and even to a renewal
of deep waters in the Mediterranean basin (Béthoux et al., 2002;
Canals et al., 2006). WIW is also formed outside the continental shelf
when North Atlantic Water (NAW) is cooled without any intense
mixing with the waters below (Millot, 1999).

Owing to its negative water budget (precipitation–evaporationb0),
the Mediterranean Sea has an anti-estuarine circulation, resulting in
oligotrophic conditions across most of it (Béthoux, 1979). However,
there are some regionswith eutrophic conditions due to their particular
hydrographic conditions (i.e., the Gulf of Lions). The Gulf of Lions is one
of the most productive areas in the Western Mediterranean Sea owing
to vertical mixing in winter, upwelling events, and the nutrient input
from the Rhône (Lefevre et al., 1997). At a large scale, the northwesterly
wind induces upwelling, that spreads out over 2/3 part of the gulf (in
the NE), and downwelling over 1/3 part (in the SW) (Millot, 1982).
Consequently, northwesterly wind is responsible of downwelling and
upwelling processes simultaneously. Regarding productivity levels, the
Gulf can be divided into four parts (Lefevre et al., 1997). The first one is
the oligotrophic area of the Gulf of Marseilles, which is not influenced
by the Rhône plume. Second is the area influenced by the Rhône plume.
Third is the zone situated to the west of the Rhône, where the borehole
studied is located. In this area the effect of the Rhône plume is less
important due to the dilution of nutrients caused by the NC and the
Mistral (e.g. wind effect on shape and extension of river plume;Morel
and André, 1991). Fourth is the area located south of the NC (southern
branch), where productivity is high due to the frontal zone (e.g. the
transition area between the NC and the southern area) (Sournia et al.,
1990).

2. Material and methods

During the Promess1 campaign (summer 2004), a borehole (PRGL
1–4) was drilled in the Gulf of Lions (42.690 N, 3.838 E) (Fig. 1) at the
interfluve of the Boucart and Herault canyons at a water depth of 298 m
in order to study the sea level changes and climatic variability of the
Western Mediterranean Basin. This area is very suitable for the
preservation of continuous sedimentary paleoclimatic records because
there is a good balance between the sedimentation rates and the
accommodation space and because it is not strongly influenced by the
Rhône deltaic system and is very distant from the Catalonian Margin,
where erosive processes have been documented (Rabineau et al., 2005).

2.1. Benthic and planktic foraminifer samples

Although the borehole has a total depth of 300 m, here we present
data from 73.500 to 129.607 mbsf (meters below sea floor),
corresponding to marine isotopic stages 6 and 7, accordingly to age
model from Sierro et al. (2009). At the laboratory, the core was
sampled at 10 cm intervals (1 cm thick slices). A subsample of
approximately 15 g was taken, dried in an oven and weighed. Then,
the subsample was washed over a sieve with a 63-μmmesh to discard
the mud fraction. Following this, it was dried and separated with a
sieve of 150-μm mesh. The fraction larger than 150 μm was used to
count the benthic and planktic foraminifers.

According to age model (Sierro et al., 2009) the average resolution
of the benthic and planktic foraminifer samples was approximately
1 kyr. The samples were split up until at least 300 benthic foraminifers
and 400 planktic foraminifers had been counted. This could not be
achieved in the case of the planktic foraminifers for all the samples,
especially in glacial periods, due to the high river input that decreased
their accumulation rates. Consequently, for the quantitative study we
only took into account samples with more than 100 individuals, since
it is very satisfactory procedure for paleoceanographic studies, which
base their interpretation on species with a proportion of at least 5% of
the assemblage (e.g. this case) (Fatela and Taborda, 2002). Benthic
foraminifer genus was identified according to Loeblich and Tappan
(1988). Subsequently a total of 129 species were recognized using
Ellis and Messina (2007). Fourteen planktic foraminifer species were
identified using the taxonomic concepts of Hemleben et al. (1989).

2.2. Statistical analyses

In order to constrain the relationship between planktic and
benthic foraminifers we applied an R-mode Principal Component
Analysis using STATISTICA (StatSoft, Inc, version 7, 2004). Although
Q-mode analysis is frequently used in micropaleontological studies
for grouping and assessing the relationship between assemblages and
physical parameters, we decided to use an R-model in order to avoid



Fig. 1. A. Map of the Western Mediterranean Sea. Black arrows represent approximate steady current paths based on Millot (1999). B. Magnification of the study area taken from
Jouet et al.(2006). The present day morphology and the sand distribution on the continental shelf (Aloïsi, 1986) illustrating the last deglacial sea-level rise.

217A. Cortina et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 309 (2011) 215–228
errors in the analysis deriving from the fact that not all the variables
were highly correlated. This is important, because unlike the Q factor
analysis this method does not group species that are highly correlated
but does group cases. Thus, to determine in which factor each species
is more important it is necessary to consider its position within the
factor, as ranked from factor scores.
It should be remarked that the statistical distributions of the
benthic and planktic foraminifer assemblages are not normal but log-
normal. Consequently, to improve the correlations between variables
when Principal Component Analysis was performed a log10 (x+1)
transform was applied, where x is the percentage data, and 1 was
added because the logarithm of 0 cannot be computed. Besides



Table 1
Factor scores and explained variance of the most important species of benthic foraminifers resulting from R-mode principal component analysis. Three factors were extracted,
explaining a total variance of 80.1%.

Factor 1B Factor 2B Factor 3B

Explained variance=38.7% Explained variance=16.3% Explained variance=25.1%

Species Factor scores Species Factor scores Species Factor scores

Melonis barleeanum 3.91684 Trifarina angulosa 4.44388 Brizalina dilatata 7.05786
Uvigerina peregrina 3.53463 Cassidulina laevigata 3.99755 Bulimina marginata 5.03226
Cibicidoides pachyderma 3.17650 Quinqueloculina seminulum 3.75286 Bulimina aculeata 3.74731
Bulimina inflata 3.15283 Miliolinella subrotunda 3.22584 Cassidulina laevigata 2.95620
Cassidulina laevigata 2.85459 Pyrgo oblonga 3.06149 Gyroidinoides umbonatus 1.59493
Bulimina marginata 2.68140 Cibicidinella foliorum 2.62957 Sphaereodina bulloides 1.41555
Trifarina angulosa 2.66617 Lobatula lobatula 2.45404
Globocassidulina subglobosa 2.56960 Gavelinopsis praegeri 1.37728
Textularia articulata 1.93571 Astrononion stelligerum 1.34720
Planulina ariminensis 1.65548 Brizalina dilatata 1.12819
Bulimina aculeata 1.61935 Triloculina tricarinata 1.09950
Sigmoilopsis schlumbergeri 1.57641 Miliolinella sp4 1.07760
Brizalina alata 1.45113 Pullenia quadriloba 1.03190
Gyroidina neosoldanii 1.38947 Miliolinella elongata 1.02684
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normalizing the data, in our analysis this transformation increased the
importance of the species that were less abundant.

2.3. Paleoproductivity estimates

The benthic foraminifer accumulation rate (BFAR: number of
tests cm−2 kyr−1) was used as a proxy for organic matter flux. A
direct relationship between BFAR and organic matter flux has been
demonstrated in open ocean settings (Herguera and Berguer, 1991).
Although conditions in our study area are typical of upper-slope
environments we used this proxy since it was the most reliable tool
we had to assess organic matter fluxes. The BFAR was calculated as
follows:

BFAR = X � S � D �W−1

where,

X Number of tests.
S Sedimentation rates (cm kyr−1).
D Density (g cm−3).
W Weight (g).

All parameters were measured, except density, which is only an
approximation. We assumed that density would remain fairly
constant along the core, and to calculate it we used Gamma ray
density. The general density value was 1.95 g cm−3, with a standard
deviation of 0.08 (n=25581), showing that the values along the core
remained nearly constant.

3. Results

3.1. Principal component analysis of benthic foraminifer assemblages

The results of the principal component analysis of the benthic
foraminifer fauna are summarized in Table 1. Three principal
component factors were extracted, explaining a total variance of 80.2%.

Factor 1B, explaining 38.7% of the variance, is mainly composed of
Melonis barleeanum, Uvigerina peregrina, Cibicidoides pachyderma, and
Bulimina inflata. The comparison of factor loadings with the record of
δ18O in Globigerina bulloides (Sierro et al., 2009) revealed that the
highest values were reached during MIS 7, especially during the
Fig. 2. Factor loadings of 3 factors obtained by R-mode principal component analysis of the b
factor are also represented. δ18O values of G. bulloides shells (Sierro et al., 2009).
warmest periods (7.1, 7.3 and 7.5) (Fig. 2). Although 1B remained as
the predominant factor during MIS 7, its loadings are lower in the
glacial substages (7.2 and 7.4). These periods were dominated by high
abundances of Melonis barleeanum, which replaced the other main
species. When MIS 6 is reached this factor tends to decrease from the
beginning to the end.

For Factor 2B (16.3% of the variance), themain species are Trifarina
angulosa, Cassidulina laevigata, Quinqueloculina seminulum,Miliolinella
subrotunda and Pyrgo oblonga. The highest values of Factor 2B are seen
between 140 and 155 kyr. During MIS 6, the loadings were higher at
intervals in which Factor 3B was less significant. Moreover, it became
more important in glacial substages of MIS 7, when Factor 1B
decreased but 2B only dominated the association in glacial substage
7.2 because in 7.4 Factor 1B remained predominant (Fig. 2).

Factor 3B, with an explained variance of 25.1%, mainly comprises
Brizalina dilatata, Bulimina marginata and Bulimina aculeata. Signifi-
cant loadings were found only during MIS 6, in periods with the
lowest values of Factor 2B. The trend from the beginning of MIS 6 is to
increase upward, replacing Factor 1B (Fig. 2).

3.2. Principal component analysis of planktic foraminifer assemblages

The results of the principal component analysis of the planktic
foraminifer assemblages are summarized in Table 2. Four factors were
extracted, explaining a total variance of 94.4%. In Factor 1P, explaining
a variance of 34%, the main species are Globorotalia inflata and
Globigerinoides ruber. Loadings were higher during MIS 7, reaching
maximum values during the warmest events (7.1, 7.3 and 7.5). This
factor (1P) shows a similar behavior to that of Factor 1B in the benthic
foraminifer analysis and tends to decrease from the beginning to the
end of MIS 6 (Fig. 3). However, Factor 1P dominated during short
periods in MIS 6 coinciding with lighter values in the δ18O record. In
Factor 2P, explaining a variance of 16.1%, the most abundant species
are Turborotalita quinqueloba, Globorotalia scitula and Globigerinita
glutinata. This factor was only important during MIS 6, especially
around 140 Kyr and 155 Kyr, in agreement with the higher loadings of
Factor 2B. The main species in Factor 3P (21.3% of variance explained)
is Globigerina bulloides. It was significant in glacial substage 7.2, and in
the coldest events along MIS 6. Finally, Neogloboquadrina pachyderma
(dex.) is the main species in Factor 4P and explains a variance of 23%.
Its values were higher during warm events in MIS 6 and at glacial
substage 7.2.
enthic foraminifer assemblages. The percentages of the most important species for each



219A. Cortina et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 309 (2011) 215–228

image of Fig.�2


Table 2
Factor scores and explained variance of the planktic foraminifers resulting from R-mode principal component analysis. Four factors were extracted, explaining a total variance of
94.4%.

Factor 1P Factor 2P Factor 3P Factor 4P

Explained variance=34% Explained variance=16.1% Explained variance=21.3% Explained variance=23%

Species Factor
scores

Species Factor
scores

Species Factor
scores

Species Factor
scores

Globorotalia inflata 2.747698 Turborotalita quinqueloba 2.905322 Globigerina
bulloides

3.04544 Neogloboquadrina pachyderma
(dex.)

2.44760

Globigerinoides ruber (white) 1.687807 Globorotalia scitula 1.950089 Globigerinita
glutinata

2.33059 Globigerina bulloides 1.62487

Neogloboquadrina pachyderma
(dex.)

1.616835 Globigerinita glutinata 1.814010 Globorotalia inflata 0.10186 Turborotalita quinqueloba 1.16335

Globigerina bulloides 1.228059 Neogloboquadrina pachyderma
(dex.)

0.395946 Neogloboquadrina pachyderma
(sin.)

0.45866

Orbulina universa 0.190897 Neogloboquadrina pachyderma
(int.)

0.28462
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3.3. Paleoproductivity estimates

We used the BFAR as a proxy to estimate paleoproductivity
(Herguera and Berger, 1991). The general trend of the BFAR was to
increase from the beginning to the end of MIS 6 (Fig. 4B). However,
this general trend was broken by a minimum at around 151 kyr,
corresponding to the maximum value of Factor 2B (Fig. 2). Moreover,
two maxima were seen around 135 kyr and 182 kyr. In order to
compare Factor 3B with BFAR, we used log10 (BFAR), since the BFAR
values were much higher than those of Factor 3B. When contrasting
log10 (BFAR) with Factor 3B, a positive correlation emerged (r=0.7,
pb0.0001) (Fig. 4A).

4. Discussion

4.1. Environmental conditions on the seafloor

As reported above, the main taxa in Factor 1B are Melonis
barleeanum, Uvigerina peregrina, Cibicidoides pachyderma and Bulimina
inflata. In several studies, M. barleeanum and U. peregrina have been
described as mesotrophic species, living with moderate organic matter
fluxes (Corliss, 1991; Schönfeld, 1997; Jorissen et al., 1998; De Rijk et al.,
2000; Fontanier et al., 2002; Licari et al., 2003; Eberwein and
Mackensen, 2006). Furthermore, these species have been related to
upper-slope environments in theMediterranean Sea, characterized by a
labile organic-matter flux of 2.5 g cm−2*yr−1 (Altenbach et al., 1999;
De Rijk et al., 2000), which has been considered as the boundary
between oligotrophic to mesotrophic environments. Although M.
barleeanum was present during the interglacial substages of MIS7, it
reached its highest abundances during glacial substages 7.2 and 7.4
(Fig. 2). The environmental conditions during these glacial substages
were different from those of the interglacial substages, and the
extraction of a fourth factor would explain this, but as it accounted
for less of 5% of the variance we decided do not take it into
consideration. Moreover, both the high abundances of M. barleeanum
and the high loadings of Factor 1B throughout MIS 7 suggest that
conditions were relatively similar along the different substages. B.
inflata is an opportunistic and shallow infaunal species (Rohling et al.,
1997; Abu-Zied et al., 2007). Accordingly, M. barleeanum, U. peregrina
and B. inflata can be considered as shallow infaunal species related to
mesotrophic environments. By contrast, C. pachyderma is an epifaunal
opportunistic species (Schmiedl et al., 2000; Abu-Zied et al., 2007) and
usually lives in a more oligotrophic context. The presence of species
described as mesotrophic (e.g. U. peregrina, M. barleeanum and B.
inflata) coexisting with C. pachyderma suggests an environment with a
moderate flux of organic matter that did not remain steady throughout
the year. These characteristics are typical of modern conditions in the
dilution area of the Gulf of Lions, in which blooms are not constant and
are restricted to spring and early fall (Pujol and Grazzini, 1995; Lefevre
et al., 1997; Riigual-Hernández et al., 2010).

Paleoceanographic studies carried out at the same core (Sierro et
al., 2009) revealed the existence of condensed layers (CLs), charac-
terized by prominent peaks in the fraction N63 μm. These layers,
which are rich in biogenic material, were deposited at times of slow
sedimentation rates during interglacial periods with high sea levels,
when the coastline was very distant from the shelf break and there
was enough space on the shelf to accommodate the prodeltaic muds
and coastal sediments supplied by the river. The high concordance of
Factor 1B with the CLs (Fig. 5) corroborates the notion that this factor
was important during warmer periods. However, the extremely low
sedimentation rates during the formation of these CLs may result in a
strong mixing of hundreds of generations of benthic foraminifers that
could mask the record of abrupt climate events. In fact, Factor 1B
shows the lowest differences between the main and secondary
species (Table 1), although this is probably an artifact due to the
mixing of generations. In spite of the low sedimentation rates, Factor
1B is linked to warm periods and the species are well differentiated.
Hence, we refer this benthic factor as being characteristic of warm
periods, a moderate flux of organic matter, and with low sedimen-
tation rates, and we shall refer to it as the “Mesotrophic Factor”
(Table 3).

Factor 2B comprises Trifarina angulosa, Cassidulina laevigata,
Quinqueloculina seminulum,Miliolinella subrotunda and Pyrgo oblonga.
Trifarina angulosa is the main species in this factor. High percentages
are recorded from current-swept passages (Hayward et al., 1994) and
deep high-energy environments on the outer shelf and upper slope
(Mackensen et al., 1985). It is adapted to strong water turbulence of
varying intensity (Schönfeld, 2002). Cassidulina laevigata is consid-
ered to be an opportunistic species (Gooday, 1986; Gooday and
Lambshead, 1989; Rasmussen et al., 2002). Its high average
(mean=19%, Std=8.7) along MIS 6 and MIS 7 and its presence in
all factors with moderate-to-high factor scores (Table 1) suggest
opportunistic behavior. Hence, this species will not be taken into
account in the interpretation of this factor. Quinqueloculina seminu-
lum,M. subrotunda and P. oblonga belong to the Suborder Miliolina, in
which most of its species are characterized as settling in oligotrophic
environments, with high oxygen concentrations and elevated venti-
lation (Nolet and Corliss, 1990; den Dulk et al., 1998). In the Ionian
Basin, Schmiedl et al. (1998) found M. subrotunda to be related to
oligotrophic conditions. Moreover, there are several studies that have
reported Q. seminulum in environments with high oxygenation rates
(Nolet and Corliss, 1990; den Dulk et al., 1998; Jannink et al., 1998;
Moodley et al., 1998; Jorissen, 1999; Van der Zwaan et al., 1999; den
Dulk et al., 2000). According to Schönfeld (2002), both T. angulosa and
the miliolid taxa seem to be the only ones adapted to winnowing and
redeposition environments. Therefore, it will be referred to as the



Fig. 3. Factor loadings of 4 factors obtained by R-mode principal component analysis of the planktic foraminifer assemblages. The percentages of the most important species for each
factor are also represented. δ18O values of G. bulloides shells (Sierro et al., 2009). Orange bands represent periods when the warmest factor (Factor 1P) dominated the assemblages.
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Fig. 4. Relationship between Factor 3B and BFAR. A. Linear simple regression log10
(BFAR) vs. Factor 3B loadings. B. Comparison between Factor 3B loadings and log10
(BFAR).
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“Oxygenated Factor” (Table 3). This factor was important during cold
events (Fig. 2) when the mouth of the Rhône was near our core site
and, in theory, the high organic matter flux should have been
triggering a low-oxygen environment. This indicates that another
process drove the presence of oxygenated waters at the bottom and
changed conditions that would otherwise have been typical of high
organic and low oxygen contents.

The main species in Factor 3B is Brizalina dilatata and, to a lesser
extent, Bulimina marginata and Bulimina aculeata (Table 1). Brizalina
dilatata is generally considered to be a proxy for high organic matter
input, sometimes combined with dysoxic conditions (Gooday, 1993;
Jorissen, 1999). It prefers shallow intermediate infaunal microhabitats
(Corliss, 1991; Barmawidjaja et al., 1992; de Stigter et al., 1998;
Jannink et al., 1998). In the Mediterranean region today, this species is
particularly abundant in the low-oxic to suboxic environments of the
Marmara Sea (Alavi, 1988). In addition, B. dilatata occurs in a wide
range of mesotrophic to eutrophic settings (Barmawidjaja et al., 1992;
Jorissen et al., 1995; De Rijk et al., 2000; Schmiedl et al., 2000).
Bulimina marginata is considered to tolerate low oxygen conditions
(Risdal, 1963). It is found in deltaic areas associated with high organic
levels, for instance the discharge area of the Mississippi River and the
northern Adriatic Shelf, which undergo annual, spring and summer
hypoxia because of the high nutrient input from the River Po (Sen
Gupta andMachain-Castillo, 1993). Moreover, Olausson (1961) found
that the abundance of B. aculeata in the Levantine Basin of the eastern
Mediterranean was correlated with relatively high carbon values. This
species is present on the Portuguese continental shelf (Levy et al.,
1993) and on the “Grande Vasiere” (part of the French Atlantic
continental shelf characterized by the accumulation of muddy–silty
sediments mainly originated from the Loire and the Garonne)
(Duchemin et al., 2005). In a recent study in the Gulf of Lions, it has
been related to high levels of organic matter (Mojtahid et al., 2009).
Following the TROX model (Jorissen et al., 1995), the number of
benthic foraminifers is higher at high values of organicmatter and low
oxygen concentrations. Therefore, the dominating species in Factor
3B, together with their relationship with the BFAR (Fig. 4), suggest
that this factor was important during periods of high organic flux and
low-oxygen conditions, coinciding with the proximity of themouth of
the Rhône during MIS 6. Consequently, it will be referred to as the
“Eutrophic Factor” (Table 3).

4.2. Environmental conditions in the water column

Factor1P ismainly composedofGloborotalia inflataandGlobigerinoides
ruber. Globorotalia inflata is considered to be a transitional species
between subpolar and subtropical waters (Bé, 1977). In the Mediterra-
nean Sea, it is a typical winter deep-dwelling species, requiring vertical
mixing and a cool, homogeneous water column (Pujol and Grazzini,
1995).Globigerinoides ruber is characteristic of subtropical areas, although
it is also found in tropical waters with temperatures above 14 °C (Bé,
1977). It occurs throughout theMediterranean at the end of summer, and
it dominates the winter assemblage in the Levantine basin (Pujol and
Grazzini, 1995). Accordingly, the presence of G. inflata, characteristic of a
cool, mixed water column, and G. ruber, which appears in warm and
stratified environments, suggests that the loadings of this factor were
important in warm episodes similar to modern conditions, with summer
stratification andwintermixing of thewater column. This factor will thus
be referred to as the “Warm Factor” (Table 3).

According to the ecology of the dominant species associated with
Factors 2P, 3P and 4P, these can be considered cold factors. For this
reason it is noticeable certain degree of anticorrelation between Factor
1P and Factor 4P and to a lesser extent with Factor 3P (Fig. 3). In Factor
2P, the main species are Turborotalita quinqueloba, Globorotalia scitula
and Globigerinita glutinata. Turborotalita quinqueloba is a shallow-
dwelling species characteristic of polar and subpolar areas (Bé, 1977). It
can be associated with a certain degree of turbulence and productivity
since it is characteristic of the Polar front (Johanneseen et al., 1994).
However, currently it is scarce in the Mediterranean Sea (Pujol and
Grazzini, 1995). Globorotalia scitula is generally associated with cool
waters (Bé and Hutson, 1977; Hemleben et al., 1989). In glacial times
this species was widespread in the Mediterranean but was conspicu-
ously absent during the Holocene and Eemian (Rohling et al., 2002),
suggesting that it can be used as a cool water indicator. As mentioned
above, G. glutinata is a surface-dwelling species considered to be
eurytopic (Lourens et al., 1992). It is not related either to temperature
or sea surface productivity (Bé and Hutson, 1977). The main species in
this factor are consistentwith the principal species comprising the SFDZ
(small foraminifer dominance zone) defined by Perez-Folgado et al.
(2003) in core samples from the Alboran Sea during the last 70 kyr. This
interval defines a period during MIS 3 characterized by sharp
fluctuations in the abundance of the main species. In that study the
strong variability associated with these species and the turbulence
linked to T. quinqueloba imply stressful conditions in the mixed layer
due to an excess of turbulence that could have prevented high
productivity. Accordingly, we consider this factor as an indicator of
cold conditions with strong turbulence in the mixed layer, and hence it
will be referred to as the “Turbulence Factor” (Table 3).

Factor 3P is mainly controlled by Globigerina bulloides and, to a
lesser extent, by Globigerinita glutinata. Globigerinita glutinata is
considered a eurytopic species (Lourens et al., 1992). Globigerina
bulloides mainly occurs in cold subpolar water (Bé and Tolderlund,
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Fig. 5. Relationship between Factor 1B and Condensed Layers (CLs) described by Sierro et al. (2009). A. Factor 1B loadings (Mesotrophic factor). B. Sea level curve (m) (Waelbroeck et
al., 2002). C. Sedimentation rates of PRGL 1–4 (m kyr−1). D. % Fine sand (62–150 μm) (Sierro et al., 2009). Gray bands represent condensed layers defined on the basis of % fine sand
by Sierro et al. (2009).
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1971), in upwelling areas (Kroon and Ganssen, 1989), and in
boundary currents (Bé, 1977). In the Mediterranean Sea, it is
associated with cold, productive events (Bárcena et al., 2004;
Hernández-Almeida et al., 2011). It therefore has higher loadings
during the coldest events in MIS 6 and in glacial substage 7.2,
coinciding with low sea levels, lower temperatures and the proximity
of the mouth of the Rhône (Fig. 3). It will therefore be referred to as
the “Cold-productive Factor” (Table 3), associated with some degree
of turbulence in the mixed layer.

Factor 4P is controlled by Neogloboquadrina pachyderma (dex)
and to a lesser extent by Globigerina bulloides. Neogloboquadrina
pachyderma (dex.) occurs from subpolar to tropical regions, but is
most prolific when sub-thermocline temperatures are colder than
12 °C (Bé and Tolderlund, 1971). It is often considered a deep-
dwelling species, living close to or below the thermocline (Fairbanks
andWiebe, 1980). In the Mediterranean Sea, it is associated with the
Table 3
Summary of benthic and planktic foraminifer factors extracted by R-mode principal compo
qualitative environmental characteristics. The qualitative range is defined as follows: +++

Factors Species Name Environment Fa

Oxygen Organic
matter

Turbulence

Factor
1B

M. barleeanum U. peregrina
C. pachyderma B. inflata

Mesotrophic ++ ++ ++ Fa
1P

Factor
2B

T. angulosa C. laevigata
Q. seminulum M. subrotunda
P. oblonga

Oxygenated +++
+

+++ ++++ Fa
2P

Factor
3B

B. dilatata B. marginata
B. aculeata

Eutrophic + +++
+

+ Fa
3P
Fa
4P
DCM (Deep Chlorophyll Maximum) in cold, productive areas (Pujol
and Grazzini, 1995). The presence in this factor of G. bulloides also
indicates cold high-productivity water. The difference between
Factor 3P and Factor 4P is the predominance of Factor 4P in periods
of relatively warmer times than Factor 3P (Fig. 3). In the
Mediterranean, N. pachyderma (dex.) usually disappears during the
coldest events and therefore in some cases it has been grouped with
the temperate foraminifers (Sierro et al., 2009). This is corroborated
by the presence of N. pachyderma in warm Factor 1P, in which it is
ranked in third position (Table 1). Another reason for this behavior is
linked to the presence or absence of a thermocline and the formation
of a seasonal DCM (Pujol and Grazzini, 1995). Accordingly,
henceforth Factor 4P will be referred to as the “Temperate-
productive Factor” (Table 3). Although it is possible to infer that
this factor is typical of temperate, productive water, it is not possible
to determine whether the presence of N. pachyderma (dex.) was due
nent analysis. For each factor, we provide the most important species, their names and
+ Very high +++ High ++ moderate + low.

ctors Species Name Environment

Turbulence Productivity Temperature

ctor G. inflata G. ruber Warm + + ++++

ctor T. quinqueloba
G. scitula G. glutinata

Turbulence ++++ ++ ++

ctor G. bulloides Cold-
productive

+++ ++++ +

ctor N. pachyderma (dex) Temperate-
productive

++ +++ ++
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mainly to temperature or to the seasonal stratification of the water
column.

4.3. Changes in environmental conditions in the Gulf of Lions along MIS 6
and 7 inferred from benthic and planktic assemblages

During cold stages, high productivity in surface waters in response
to a high rate of nutrient supply at times of intense northwesterlies,
together with increases in river organic matter and nutrient fluxes
owing to low sea levels, contributed the development of an oxygen
minimum zone in the subsurface waters flowing along the upper
slope. However, wind intensity also favored vertical mixing and hence
the oxygen supply to the bottom. Accordingly, the ventilation of the
bottom waters on the upper slope would have been the result of the
balance between oxygen consumption to oxidize the organic matter
flux and the oxygen supply due to deep mixing, especially in winter.

4.3.1. Sea level oscillations
Global sea level reconstructions for MIS 7 and 6 record oscillations

of the order of 120 m from MIS 7.5 to the glacial maximum in MIS 6
(Waelbroeck et al., 2002). Consequently, the coastline and the
prodeltaic deposits laid down by the Rhône migrated seaward,
causing a strong impact on the bottom conditions prevailing on the
upper slope. During MIS 7.5, the global sea level was very similar to
the present one, and therefore the coastline position was not very
different from today's. The mouth of the Rhône and the organic-rich
prodeltaic deposits were very distant from the outer continental shelf
and the upper slope. With a distant coastline, the input of river-
supplied nutrients and organic carbon was very low—hence bottom
Fig. 6. Sea level oscillations. Orange bands represent periods when the warmest planktic fa
2002). B. Eutrophic conditions at the seafloor (Factor 3B loadings). C. Warm conditions in the
loadings). E. δ18O values of G. bulloides shells (Sierro et al., 2009).
conditions on the upper slope were very similar to those existing
today—and the benthic microfauna was controlled by mesotrophic
conditions (Factor 1B) (Fig. 6). Because MIS 7.5 was a warm
interglacial period, the planktic foraminifers associated with Factor
1P, typically thriving in temperate-to-warm subtropical waters, are
abundant in the sediments. Summer stratification and milder winters
did not favor strong vertical mixing in thewater column and the rising
of nutrients from intermediate waters was limited. This, combined
with the low nutrient input from the rivers, resulted in low
productivity and low organic carbon export to the seafloor.

In contrast, MIS 6 was characterized by a progressive growth of the
northern Hemisphere ice-sheets and the subsequent fall of global sea
levels typical of glacial stages. The coastline, the mouth of the Rhône,
and the fine-grained prodeltaic deposits gradually shifted to the outer
shelf, finally reaching the upper slope. The high input of organic carbon
associated with the delta, as well as the high supply of nutrients,
increased the productivity of surface waters and the flux of organic
carbon to the seafloor. Consequently, a significant increase in the BFAR
is recorded in the sediments (Fig. 4), together with a major change in
the benthic foraminifer assemblages, which shifted from mesotrophic
to eutrophic. During this glacial period, the high abundance of
Globigerina bulloides, (factor 3P) indicates upwelling and deep vertical
mixing in the Gulf of Lions and, as a result, a high organic flux to the sea
floor, reinforcing the organic supply by the Rhone.

In conclusion, a positive relationship can be found between the
occurrence of mesotrophic conditions on the seafloor and the
prevalence of warm surface waters in the Gulf of Lions during periods
of high sea levels, and there is a relationship between eutrophic
conditions and cold-more eutrophic periods at lowstand times.
ctor (Factor 1P) dominated the association. A. Sea level curve (m) (Waelbroeck et al.,
water column (Factor 1P loadings). D. Mesotrophic conditions at the seafloor (Factor 1B
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Fig. 7. Effect of millennial climate oscillations on bottom ventilation between 140 and 160 kyr. Orange bands represent periods when the warmest planktic factor (Factor 1P)
dominated the association. Blue bands represent periods when the oxygenated benthic factor (Factor 2B) dominated the association. A. Cold-productive conditions in the water
column (Factor 3P loadings). B. Turbulent conditions in the water column (Factor 2P loadings). C. Oxygenated conditions at the seafloor (Factor 2B loadings). D. Warm conditions in
the water column (Factor 1P loadings). E. Eutrophic conditions at the seafloor (Factor 3B loadings). F. δ18O values of G. bulloides shells (Sierro et al., 2009).
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4.3.2. Effect of millennial climate oscillations on bottom ventilation
Although MIS 6 was mainly characterized by the prevalence of

organic-rich sediments dominated by eutrophic benthic foraminifers
during a period of low sea level, the rate of bottom ventilation seems
to be high, as may be inferred from the high abundance of oxygenated
species. This elevated oxygenation of the seafloor is especially evident
in the period between 140 and 160 kyr ago, although, ventilation was
repeatedly interrupted by short, millennial-scale events of low
oxygenation during warm events (Fig. 7). The warming of surface
waters during the glacial period immediately led to stratification of
the water column, preventing bottom ventilation. A low rate of
oxygen supply, together with a high oxygen consumption linked to
the enhanced discharge of organic carbon by the Rhône, led to rapid
eutrophication with strong repercussion on the benthic fauna. As
shown in Fig. 7D, warm and stratified waters interrupt ventilation
events, consistent with the presence of eutrophic assemblages on the
bottom (Fig. 7E). Since sea level changes at these time-scales were
probably very small, we believe that the main cause of bottom water
ventilation on the upper slope were abrupt climate oscillations.
Previous studies have related cold stadial events to enhanced deep
water ventilation for the last 50 kyr due to a reinforcement of the
northwesterlies flowing over theWesternMediterranean DeepWater
(WMDW) source area in the Gulf of Lions (Cacho et al., 2000; Sierro et
al., 2005; Cacho et al., 2006). Moreover, using a 3D model with paleo-
proxy data from sea surface to alpine altitudes, Kuhlemann et al.
(2008) suggested frequent polar cold-air incursions into the north-
western Mediterranean during the Last Glacial Maximum, enhancing
WMDW formation. Although due to its location, our core does not
record the WMDW, events of DSWC falling down the slope, or
downwelling processes, ought to be recorded, since they were caused
by northwesterly winds (Ulses et al., 2008). Both processes changed
bottom conditions, bringingmore oxygen and turbulence. The benthic
foraminifer species adapted to eutrophic or mesotrophic environ-
ments, depending on the proximity of the river mouth, would have
been replaced by those adapted to turbulent and oxygenated
environments (Fig. 7).

These results agree with those of Martrat et al. (2004) for the same
period in the Alboran Sea. The time period ranging from 140 to
155 kyr had the lowest alkenone-based temperatures of both MIS 6
and 7. Moreover, the relative proportion of heptatriatetraenone to
total alkenones, a biomarker that can be used as a tracer of cold and/or
low salinity waters, had maximum values. Thus, the increases in
ventilation matched colder episodes recorded in the Alboran Sea. This
corroborates our hypothesis that millennial ventilation events were
intensified during colder periods.

Enhanced bottom ventilation was associated with an increased
abundance of Globigerina bulloides and Turborotalita quinqueloba in
surface waters, linked either to intense convection and high
productivity or to high turbulence in the water column. The
relationship between enhanced bottom ventilation and the high
productivity of surface water seems to be contradictory, but the
strongmixing of surfacewaters that stimulated fertility and the flux of
organic carbon to the bottom also increased the rate of oxygen supply
to the sea floor. In these cases, the rate of oxygen supply seems to be
higher than the rate of oxygen consumption to oxidize the organic
matter input (e.g. river andwater column). The relationship of bottom
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ventilation with T. quinqueloba is more logical, since this species is
characteristic of cold, turbulent waters and lower productivity. The
only exception is found at around 139 kyr, when cold-high produc-
tivity waters at the surface (Factor 3P) (Fig. 3) did not correspond to
oxygenated bottom waters but to eutrophic conditions (Factor 3B)
(Fig. 6D). We believe this would have been due to two simultaneous
processes. The increase in productivity in the mixed layer, together
with the fact that the sea level was at its lowest level (Fig. 6B),
suggests that the high input of organic matter from the river would
have accelerated the rates of oxygen consumption, balancing the
oxygen supply from surface waters.

During MIS 7, the only ventilation event in glacial substage 7.2
(Factor 2B) (Fig. 2) was related to the predominance of cold-
productive conditions in the water column (Factor 3P) (Fig. 3).
Although an increase in oxygenated species on the bottom occurred
during glacial substage 7.4, they were not the major components of
the association, which was dominated by mesotrophic fauna. This
result is consistent with an increase in the cold-productive planktic
species, although the warm-water, interglacial species were more
abundant.

Fresh organic matter coming from the mixed layer associated with
the coldest and more productive periods was of higher quality for the
benthic communities than detrital organic carbon discharged by the
river, owing to its lower C/N ratio (De Rijk et al., 2000). However, our
results suggest that the greater quantity of detrital organic carbon at
times of low sea levels had a stronger influence on the benthic
communities because of its stronger impact on oxygen consumption
than the higher quality fresh organic matter. As mentioned above,
cold-productive periods were associated with eutrophic seafloor
events only when the sea level was lower. Moreover, during MIS 6
highly eutrophic conditions were only reached during warm periods
(Fig. 7). Consequently, high loads of organic matter coming from the
river, together with the stability of the bottom conditions, preventing
winnowing and redeposition, strongly influenced the benthic fora-
minifer assemblages.
5. Conclusions

Here we have used benthic and planktic foraminifer assemblages
to reconstruct past conditions in high resolution in the Gulf of Lions
during MIS 6 and 7. Changes in sea level, water temperatures and
wind intensity were the main parameters governing the benthic and
planktic foraminifer assemblages.

The high sea level during MIS7 and the distance from the coastline
reduced the input of organic carbon by rivers. The stratification of the
water column, which was favored by the prevalence of warm waters
at the surface, resulted in a lower oxygen supply to the bottom. All
these oceanic conditions favored the development of mesotrophic
benthic foraminifers very similar to those living today on the upper
slope. In contrast, during MIS 6 the proximity of the river mouth and
the strong input of terrestrial organic carbon rapidly changed bottom
conditions due to the high rates of oxygen consumption that favored
the growth of eutrophic benthic foraminifers. However, the intensi-
fication of cold, northwesterly winds cooled the surface waters and
promoted vertical convection in the water column, which stimulated
productivity and at the same time enhanced the oxygenation of the
sea floor. Even though the input of both themore refractory terrestrial
organic carbon and the fresh organic carbon was at its maximum at
times of low sea level and cold climates, benthic species adapted to
highly oxygenated conditions were abundant. This contradictory
behavior can only be explained in terms of the high oxygen input from
surface waters due to the strong mixing of the water column. In these
periods the rate of oxygen supply due to intense vertical convection
was higher than the rate of oxygen consumption. Our results are in
agreement with previous studies for the deep sea Mediterranean that
have also linked cold periods to a reinforcement of the northwest-
erlies flowing over the Gulf of Lions.

Well ventilated conditions at the seafloor during MIS 6 were
repeatedly interrupted by short, millennial-scale events of low
bottom water oxygenation, typically associated with a warming of
surface waters. Species living in well-oxygenated waters were
replaced by eutrophic benthic foraminifers, accompanied by an
increase in warm-water planktic species due to the stratification of
the water column in response to the warming of surface waters.
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