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Chapter 2

Origin of coiling differences in living
neogloboquadrinids in the Walvis Bay
region, off Namibia, SW Africa

Based on:
Origin of coiling differences in neogloboquadrinids in the Walvis Bay region, off Namibia,
SW Africa.
E. Ufkes and W.J. Zachariasse, 1993, Micropaleontology, 39, 283-287

Chapter 2

Abstract
Seasonal and spatial differences in coiling direction in Recent
neogloboquadrinids seem to be controlled mainly by differences in food
requirements and associated timing of reproduction between the left- and rightcoiled types. The observation that the change in coiling from dominantly left to
right takes place at surface water temperatures ranging from 7° to 9°C in high
northern hemisphere latitudes to 14.5°C in the Walvis Bay region suggests that
the significance of temperature on coiling in neogloboquadrinids is
overestimated in the literature.

Introduction
Right–coiled neogloboquadrinids are widespread in the present-day ocean
and flourish wherever phytoplankton concentrations are large, either in the
surface mixed layer (e.g. Reynolds and Thunell, 1986; Ottens, 1992) or in
subsurface deep chlorophyll maximum layers (e.g. Fairbanks et al., 1982; Ravelo et
al., 1990).
There is general agreement in the literature that the geographical variation
in morphology amongst right-coiled neogloboquadrinids is clinal (e.g. Tolderlund
and Bé, 1971; Srinivasan and Kennett, 1976) but there is less agreement about the
question whether the left-coiled individuals are part of this cline. Various workers
including Tolderlund and Bé (1971) and Kennett (1976) consider the left- and
right-coiled neogloboquadrinids as differently coiled populations within a single
species, whereas others including Cifelli (1973; 1982) and Olssen (1976) place the
two coiling types in separate species. The ultimate answer to the question
whether the left-coiled neogloboquadrinids represent the peripheral populations
of the species range, or that they have been geographically separated from the
main body of the species range, must come from culturing experiments and
possibly also from DNA analyses.
Relevant for this study is that the left and right–coiled populations are
phenotypes, which, through the process of gene selection, are well adapted to
the specific environmental conditions in the regions where they live (see Mayer,
1977).
The regions of left- and right coiling have been mapped but the specific
environmental conditions that control the physiology of left- and right–coiled
populations are poorly known. Surface water temperature is the environmental
parameter most frequently mentioned in the literature. Most authors including
Ericson (1959), Bé and Hamlin (1967), Tolderlund and Bé (1971), and Reynolds and
Thunell (1986) agree that the change in coiling from dominantly left to right takes
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Station

8/11/01
08/11/01
08/11/02
08/11/03
09/11/01
09/11/02
09/11/03
10/11/01
10/11/02
10/11/03
11/11/02

Start

18.9S
19.8S
20.9S
21.9S
22.7S
22.6S
22.5S
22.3S
22.1S
21.6S

11.8E
12.3E
12.8E
13.6E
14.2E
13.6E
13.2E
11.4E
09.8E
06.8E

End

19.8S
20.8S
21.8S
22.8S
22.6S
22.5S
22.3S
22.1S
21.8S
21.4S

12.2E
12.8E
13.5E
14.4E
13.6E
13.1E
11.5E
09.9E
08.3E
06.6E

Surface temp. (°C)

14.3
14.5
14.3
14.0
13.8
14.3
15.5
16.8
17.3
17.6

Table 2.1
Position of stations and average surface water temperatures. Stations at November, 8 and 9
are located in the nearshore region. Stations at November, 10 and 11 are located offshore.

place at surface water temperatures between 7° and 9°C. Surface water plankton
samples collected in November 1989 in the Walvis Bay region (off Namibia, SW
Africa), however, show coiling differences in neogloboquadrinids that are
associated with much high surface water temperatures. Obviously, surface water
temperature seems not to be the decisive factor determining coiling in
neogloboquadrinids.
In the hope of getting a better understanding of the factor(s), which
actually control coiling in neogloboquadrinids, we studied the relationship
between coiling and environmental conditions in the Walvis Bay region.

Material and Methods
Planktonic foraminifera from the Walvis Bay region were collected at 10
stations between November 8 and 11, 1989 (Figure 2.1). Each station represents
an 8-hour haul during which we pumped and filtered sea water from the upper
5 m through a net of 100 μm mesh size. Station position at the beginning and the
end of each haul and associated average surface water temperature are given in
Table 2.1. All samples were stored in sea water with 4% buffered formalin. The
planktonic foraminifera were studied in the fraction larger than 150 μm.

Hydrographical setting
Southeasterly winds and the northward flowing Benguela Current drive
coastal upwelling off the southwest coast of Africa. Perennial upwelling takes
place south of 23°S, whereas further north (including the Walvis Bay region)
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Table 2.2
Percentages of Globigerina bulloides, left- and right-coiled neogloboquadrinids, coiling
ratio (left/(left+right)) and total number of planktonic foraminifera per m3 filtered water at
various stations.

upwelling occurs only between October and December (Boyd and Agenbag,
1985; Shannon, 1985).
Upwelling in the Walvis Bay region is most prominent in the shelf area.
Here the thermocline shoals up to 8 m during periods of maximum upwelling
(Shannon, 1985). Offshore, the influence of upwelling diminishes (Shannon, 1985),
although eddies (filaments) of upwelled waters were noticed in a 1000 km wide
belt offshore (Lutjeharms et al., 1991).
Upwelling conditions in the Walvis Bay region are clearly reflected in the
measured sea surface temperatures, which change from 13.6° to 14.5°C in the
nearshore region to 15.5° to 17.6°C more offshore (Table 2.1).

Relation between coiling direction, temperature and productivity
Percentages of the main groups of planktonic foraminifera at November 8,
9, 10, and 11, 1989, as well as the total number of planktonic foraminifera per m3
filtered sea water are given in table 2.2. This table shows that the coastal surface
waters near Walvis Bay are dominated by left–coiled neogloboquadrinids (Plate
2.1, Figures 5–7), whereas the offshore surface waters are dominated by right–
coiled neogloboquadrinids (Plate 2.1, Figures 1–4) and Globigerina bulloides.
The change from dominantly left to right takes place at the shelf break
where the surface temperature sharply increases from 14.3° to 15.5°C (compare
Table 2.1 and 2.2). This suggests that the change in coiling from dominant left to
right takes place at a much higher temperature than the temperature of 7° to 9°C
which is generally taken for the same event in the open ocean.
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Figure 2.1
Trackmap of November 8 to 11, 1989. Midpoints of stations are indicated by 'x'. Numbers
refer to coiling ratio of neogloboquadrinids (*100). Left-coiled N. pachyderma dominates
the shelf region, where upwelling is most dominant. The dashed line represents the 200 m
depth contour. Redrawn after original figure.

The change from dominantly left to right coiling coincides with a change
in the composition of the diatom flora (Brussaard, pers. comm. 1990). Nearshore,
the diatoms are abundant and dominated by the group of Corethron.
Representatives of this group are indicative of the middle stage of an upwelling
succession (Werner, 1977). Offshore, the diatoms are less abundant and
dominated by the group of Rhizosolenia which flourishes under less nutrient-rich
conditions.
The sharp changes in surface temperature, diatom flora, and coiling
indicate that the change from dominant left to right takes place across the
seaward boundary of the nearshore upwelling region.

Explanatory model for coiling differences in the Walvis Bay region
In the southern hemisphere, almost exclusively left–coiled
neogloboquadrinids occur polewards of the Antarctic Polar Front (Kennett,
1968b; Bé and Hutson, 1977), whereas almost exclusively right–coiled ones are
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bound to regions north of the Subtropical Convergence (Kennett, 1968b; Bé and
Tolderlund, 1971).
We contend, therefore, that the right–coiled neogloboquadrinids are
indigenous in the Walvis Bay region, whereas the left–coiled individuals are
imported from high southern latitudes by the West Wind Drift and the Benguela
Current. The dominance of right-coiled individuals in the coastal region of Walvis
Bay prior to upwelling (Bé and Tolderlund, 1971) and of the dominance of leftcoiled ones during upwelling (this paper), suggest that the left-coiled expatriates
start to outnumber the right-coiled individuals after the onset of upwelling.
Surface sediment data of Van Leeuwen (1989) and Rogers and Bremner (1991)
indicate that left-coiled neogloboquadrinids are most abundant in the northern
stretch of the Benguela Current where upwelling is most intense (Shannon, 1985).
All these data suggest that the two coiling types have different food and
thermal requirements. Raised phytoplankton production and lowered surface
temperatures at the beginning of upwelling may trigger the reproduction
amongst the left–coiled expatriates, which soon dominate the nearshore waters.
We observed a bimodal size distribution amongst the left–coiled individuals
(50 % has an average test size of 220 μm while the other half measures 150 μm),
which would fit our hypothesis of stimulated reproduction amongst left-coiled
expatriates at the beginning of upwelling.

Discussion
Our explanatory model predicts that the seasonal dominance of left over
right coiling is a widespread phenomenon controlled by the seasonal availability
of appropriate food. Temperature control on this phenomenon seems small since
the change in coiling in the Walvis Bay region occurs at distinctly higher
temperatures than the ones reported in the literature.
The most obvious places where the trophic control can be tested are
coastal upwelling regions in eastern boundary current systems and the seasonally
productive regions immediately equatorward of the polar fronts.
In this context, one of the best seasonally-sampled regions in eastern
boundary currents, is that off the Iberian Peninsula. Right–coiled individuals
dominate the surface water during summer (Bé and Hamlin, 1967) when
upwelling is active (Wooster et al., 1976). Right-coiled individuals remain
dominant during winter (Duprat, 1983) when upwelling ceases to exist (Wooster
et al., 1976). Surface water temperatures are between 16° and 22°C during
summer (Bé and Hamlin, 1967) and between 13° and 15°C during winter (Duprat,
1983). These data suggest that present-day food and temperature conditions off
the Iberian coast remain below the level that is critical to stimulate reproduction
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amongst the left–coiled expatriates. Food and temperature conditions for the
left–coiled expatriates, however, seem to have been more favourable at glacial
time, since up to 80 % left–coiled neogloboquadrinids have been found in glacial
sediments off the northern sector of the Iberian coast (Thiede, 1971).
The best studied places in regions immediately equatorward of the polar
fronts are located in the northwest Atlantic and northeast Pacific. Monthly
plankton tows samples at the North Atlantic station Charlie (Tolderlund and Bé,
1971) revealed that left coiling individuals dominate during spring when surface
waters are cold (colder than 8.5°C) and phytoplankton production is high, while
dominantly right coiling is restricted to the (smaller) early fall phytoplankton
bloom when surface water is relatively warm. A rotating sediment trap at the
northeast Pacific station PAPA recorded a similar seasonal succession (Reynolds
and Thunell, 1986; Reynolds-Sautter and Thunell, 1989). Left–coiled shell fluxes
dominate during spring when the surface layer is cold (colder than 8°C) and
productive due to upwelling of deeper water. This spring bloom is also
accompanied by a peak in total planktonic foraminiferal shell flux (ReynoldsSautter and Thunell, 1989). Right–coiled individuals dominate during fall at
surface water temperatures between 7° and 10°C and at productivity levels that
exceed the minimum levels in the summer due to a weakened thermocline and
an upflow of deeper water (Reynolds and Thunell, 1986; Reynolds-Sautter and
Thunell, 1989).
Tolderlund and Bé (1971) explained the seasonal change in coiling in terms
of temperature-related ecophenotypic variation in coiling. Reynolds and Thunell
(1986) related the seasonal change in coiling to seasonal differences in nutrient
and thermal conditions, but later (in 1989) they disputed the significance of
temperature on the seasonal change in coiling.

Conclusions
(1) Differences in food requirements and associated differences in timing of
reproduction between left and right-coiled neogloboquadrinids seem to control
the observed coiling differences in the Walvis Bay region at the beginning of
November 1989, where we found dominant left coiling in the nearshore surface
waters, whereas right coiling prevailed further offshore.
(2) The beginning of the seasonal upwelling cycle in October and
associated eutrophication could have triggered reproduction amongst the left–
coiled expatriates resulting in the observed dominant left coiling in the nearshore
waters at the beginning of November.
(3) Differences in food requirements and timing of reproduction would
also explain the observed seasonal change in coiling in high northern hemisphere
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latitudes. Since the spring and fall phytoplankton blooms in high northern
hemisphere latitudes differ in magnitude (and possibly also in composition), the
reproduction amongst the left–coiled expatriates could be triggered by a large
spring bloom, whereas reproduction amongst the indigenous right–coiled
individuals is stimulated by a smaller fall bloom.
(4) The significance of temperature on the seasonal change in coiling
seems to be overestimated in the literature since the seasonal change in coiling in
the northeast Pacific seems not to be associated with a significant temperature
difference. Moreover, the change in coiling in the Walvis Bay region takes place at
a surface water temperature of 14.5°C, which is distinctly higher than the 7° to 9°C
at which the coiling changes in high northern hemisphere latitudes.
(5) The conclusion, therefore, is that seasonal differences between left and
right coiling occur only in regions where left–coiled expatriates co-exist with
indigenous right–coiled populations and that these coiling differences are
controlled by the seasonal change in food conditions rather than by changing
temperature conditions.
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Addendum
In this chapter I focussed on the surface water distribution patterns of e.g.
Neogloboquadrina pachyderma in the Walvis Bay region. Left and right-coiling
neogloboquadrinids show different biogeographical distribution patterns. The
change from dominant left to right takes place across the seaward boundary of
the nearshore upwelling region concurrent with sharp changes in surface
temperature and diatom flora. Since the publication of this chapter more studies
focussed on the paleoecology of N. pachyderma.
Surface sediment studies of the Benguela Upwelling System (Giraudeau,
1993) corroborate the surface water distribution in the Walvis Bay region. Leftcoiled N. pachyderma dominates the coastal upwelling areas. Its abundance
decreases rapidly at the shelfbreak. Right-coiled N. pachyderma is preferentially
found in the filamentous mixing waters of the Benguela Upwelling System, the
mixing zone between the coastal upwelling zone and offshore oligotrophic
waters. This pattern is also reflected in sediment trap studies on Walvis Ridge and
in the Cape Basin (Romero et al., 2002; Lončarić et al., 2007).
The geographical distribution is quite undisputed. However, there is still no
general concensus on factors controlling the distribution of neogloboquadrinids.
In time, more subtropical left-coiled N. pachyderma have been found e.g. off
Somalia (Ivanova et al., 1999). This corroborates that temperature is not the main
parameter controlling its distribution. Opposed to our results that specific food
conditions in relation to upwelling affects its distribution, Giraudeau and Rogers
(1994) do not record a relation between distribution and phytoplankton
(calcareous nannoplankton) and assume a primary control by temperature.
Although the primarily forcing mechanism to either (sub) polar or subtropical
specimen is not apparent yet, it appears to be related to upwelling and
associated lowered temperatures and increased food availability.
Genetic variability may explain some of these apparent inconsistencies in
e.g. temperature control. Darling and Wade (2008) presented an overview on the
genotypic variation in planktonic foraminifera. Genotypic variation may explain
geographical variation in morphology, not just in coiling direction but also even
in morphotype.
Right-coiled N. pachyderma, for which also the species name N. incompta
(Cifelli) is adopted, shows a low level of genotype diversity. In the Benguela
Upwelling System and Atlantic subpolar waters genotype I is found. Genotype II
appears to be endemic in the N. Pacific.
Left-coiled N. pachyderma, however, shows a larger variability in genotypes
with more distinct biogeographical distribution. In the Benguela Upwelling
System two upwelling related genotypes are found. These genotypes appear to
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represent a relict population seeded from the Southern Ocean during glacial
periods when colder subpolar waters were advected into the Benguela Current.
The Southern Ocean genotypes can be split into 3 genotypes (Type II - Type IV),
each related to a different temperature regimes.
Apart from coiling, left and right-coiling N. pachyderma show similar
morphologies. In the Benguela Upwelling System they point to different
genotypes. Dominance of left-coiled specimens in the shelf waters and of rightcoiled ones seaward of the shelf break excludes aberrant coiling (< 3 %)
associated with both morphologies (Darling et al., 2006).
The change in coiling at the shelf break is not just the boundary between
ecophenotypes (Tolderlund and Bé, 1971), but moreover the boundary between
various genotypes with distinct ecologies. Genotype I of right-coiled
N. pachyderma is mainly found seaward of the shelf break associated with a
Rhizosolenia diatom assemblage and sea surface temperatures over 14.5°C, while
left-coiled N. pachyderma dominating the upwelling cells on the shelf is related to
genotype V and VI. They concur with a Corethron diatom assemblage and cooler
sea surface temperatures. However, the change in assumed diatom diet might
have been coincidental. More ecological constraints on the distribution of
neogloboquadrinids may still remain hidden and may demand more integrated
plankton studies to reconstruct e.g. the preferred food source.
In fossil record high percentages of left-coiled N. pachyderma point to an
increased upwelling intensity and associated increase in nutrients and lowered
temperatures.
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Plate 2.1
Figures 1-4: right-coiled neogloboquadrinids (1, 3 from station 8/11/02; 2, 4 from station
10/11/01).
Figures 5-7: left-coiled neogloboquadrinids (5 to 7 from station 10/11/01).
Scale bar equals 100 μm.
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Living planktonic foraminifera in the
eastern South Atlantic during spring:
Indicators of water masses, upwelling and
the Congo (Zaire) River plume

Based on:
Living planktonic foraminifera in the eastern South Atlantic during spring: Indicators of
water masses, upwelling and the Congo (Zaire) River plume
E. Ufkes, J.H.F. Jansen and G.-J.A. Brummer, 1998, Marine Micropaleontology, 33, 27-53
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Abstract
Planktonic foraminifera were collected from pumped surface-water
samples and net tows over the upper 150 meter of the water column in the
eastern South Atlantic Ocean during October and November 1989. Of the 24
recorded species, 12 occur abundantly and form 6 foraminiferal assemblages. The
assemblages correlate with the physico-chemical properties of the 6 major
surface-water masses. The correlation of species with low salinity is due to
properties co-variant with salinity. At several locations, high concentrations of
planktonic foraminifera were observed caused by frontal mixing or reproduction.
The Globigerinoides sacculifer - Globigerinoides ruber white assemblage
marks the South Equatorial Current in the surface waters, a minor contribution of
Globorotalia menardii and Neogloboquadrina dutertrei to this assemblage reflects
the subsurface Equatorial Under Current. The N. dutertrei - Globigerinella
siphonifera assemblage reflects the South Equatorial Counter Current and
Equatorial Under Current. The Neogloboquadrina pachyderma - Globigerina
bulloides assemblage reflects the coastal upwelling over the shelf and the
filaments of mixed oceanic and upwelled water in the coastal branch of the
Benguela Current (BC). The Angola - Benguela Front, at the interface of the warm
currents and the BC, is reflected by the Globorotalia inflata - G. bulloides
assemblage.
An unusual coincidence of G. sacculifer - G. bulloides in one assemblage
results from the interaction of the subtropical gyre and the oceanic branch of the
BC. The G. ruber pink - N. dutertrei assemblage is attributed to the warm low-saline
plume in front of the Congo (Zaire) River.

Introduction
Planktonic foraminifera are the most commonly used microfossil group for
the reconstruction of past sea surface-water conditions and paleoclimate. It has
been demonstrated that the distribution of their shells in core-tops give reliable
information on the properties of the surface and subsurface water masses (e.g.
CLIMAP, 1981). The collection of samples from the water column, however, is a
prerequisite for improving our understanding of the oceanographical and
biological factors that determine their distribution, and for a better reconstruction
of paleoenvironmental conditions from the sedimentary records.
During the past decades, many tow and sediment-trap samples were
collected in different regions of the world ocean. In that time, our knowledge of
the ecology, seasonal distribution, and life cycle of planktonic foraminifera has
greatly improved. In the Atlantic Ocean, living planktonic foraminifera were
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collected first in the North and equatorial Atlantic (Jones, 1967; Boltovskoy, 1968;
Bé and Tolderlund, 1971; Bé et al., 1976; Bénier, 1985; Ottens, 1992) and later in
the eastern South Atlantic Ocean (Oberhänsli et al., 1992). Oberhänsli and others
(1992) reported on the distribution during the late austral summer. All these
studies, however, were carried out in the open ocean, and did not include major
river plumes, such as the Congo River Plume.
The aim of this study is to portray the distribution of planktonic
foraminifera in the surface waters of the eastern South Atlantic Ocean including
the Congo River Plume during the austral spring. It is a preparative for downcore
studies concerning biogeography, paleoecology and water mass interpretation.
The pump sampling was done continuously from the upper 5 m of the water
column. The net samples cover the upper 150 m. In combination with the pump
samples, they give information on the vertical distribution of the species. We
focus here on the relation of the fauna with the physico-chemical properties of
the different water masses measured on board, the influence of reproduction
cycles, and seasonal variations.
The samples and the hydrographical data were collected on board the R/V
Tyro during the expedition of the Netherlands Institute for Sea Research to the
Angola and Guinea Basins in October and November 1989. The present research is
part of a series of studies on the paleoceanography of the Southeast Atlantic and
the paleoclimate of equatorial Africa (Jansen, 1990; Jansen and van Iperen, 1991;
Jansen et al., 1996).

Material and Methods
We collected 68 pump samples in the period from 7 October to 16
November 1989 with the RV Tyro (Figure 3.1). Seawater from the upper 5 m was
continuously pumped for 8 hours with a deck-wash pump, and filtered through a
plankton net of 100 μm mesh size. At 19 stations, samples were taken with a
separate net (diameter 45 cm, mesh size 50 μm) towed vertically up from a depth
of 150 m (Figure 3.1). The volume of filtered water of the pump samples was
measured by a flow meter, whereas the volume of the net samples was calculated
from the diameter and depth of the net. All samples were stored in 4 % buffered
(chalk) formaldehyde at 4°C. The planktonic foraminifera were wet sieved and
studied in the size range between 150-600 μm. The total residues were reduced to
aliquots of at least 200 specimens, using a Folsom plankton splitter, and were wetpicked completely within a year after the expedition. The specimens were
mounted on Chapman slides, identified and counted.
For a number of stations, temperature, salinity, and nutrient data (nitrate,
phosphate and silicate) were made available by A.J. van Bennekom (NIOZ).
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Tyro 1989
5 October - 16 November
30˚S
20˚W

10˚W

0˚

10˚E

Figure 3.1
Position of sample stations. The dots of the pump samples reflect the mid-points of a
sample track. Note that net sample N19, N28 and N42 are associated with three plankton
pump samples each. No pump samples were taken between P47 and P48.

Information on wind conditions comes from the logbook of the ship. An attempt
to extend the hydrographic data with data from the NOAA data set of October
and November 1989 failed due to the limited number of measurements in the
area during the time of sampling.
In total 24 species and subspecies were counted (Table 3.1). Species with
mean percentages less than 0.5 % we have omitted from statistical analyses;
Dentigloborotalia anfracta, Globigerina falconensis, Globigerinoides tenellus,
Globorotalia hirsuta, Globorotalia scitula, Globorotalia truncatulinoides, Globorotalia
crassaformis, Globorotalia tumida, Globoturborotalita rubescens, Hastigerina
pelagica, Pulleniatina obliquiloculata and Turborotalita quinqueloba.
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Pump samples
concentration (m-3)

percentages
min. max. mean
*
*

*
*
*

*
*
*
*
*

*
*

Dentigloborotalia anfracta
Globigerina bulloides
Globigerina falconensis
Globigerinella siphonifera
Globigerinita glutinata
Globigerinoides ruber white
Globigerinoides ruber pink
Globigerinoides sacculifer
Globigerinoides tenellus
Globorotalia crassaformis
Globorotalia hirsuta
Globorotalia inflata
Globorotalia menardii
Globorotalia scitula
Globorotalia truncatulinoides
Globorotalia tumida
Globoturborotalita rubescens
Hastigerina pelagica
Neogloboquadrina dutertrei
Neogloboquadrina pachyderma right
Neogloboquadrina pachyderma left
Orbulina universa
Pulleniatina obliquiloqulata
Turborotalita quinqueloba

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
82
1
35
16
40
77
62
0
0
0
49
18
0
0
0
0
0
48
48
78
18
4
0

Net Samples

0
11
0
8
3
10
19
14
0
0
0
4
1
0
0
0
0
0
14
4
7
4
0
0

min. max. mean
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

4
183
1
36
26
53
93
96
2
2
0
16
6
1
1
1
3
2
38
101
294
18
31
3

0
11
0
4
2
6
9
9
0
0
0
2
1
0
0
0
0
0
6
6
13
2
1
0

concentration (m-3)

percentages
min. max. mean
0
0
0
2
0
0
0
1
0
0
0
0
0
0
0
0
0
0
2
0
0
0
0
0

1
67
0
30
13
22
71
65
2
4
1
34
25
0
3
0
2
4
30
6
2
8
7
0

0
10
0
8
4
12
19
16
0
0
0
5
5
0
0
0
0
0
13
1
0
3
1
0

min. max. mean
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

1
57
0
14
17
29
54
107
0
1
0
8
15
0
4
0
2
1
25
2
0
6
9
0

0
4
0
3
2
6
7
12
0
0
0
1
3
0
0
0
0
0
4
0
0
1
1
0

Table 3.1
Minimum, maximum and average percentages and concentrations of planktonic
foraminifera in pump and net samples. Globorotalia hirsuta was recorded once in a net
sample. Species, marked by an asterisk, are omitted in the discussions.

We discriminated between the species Neogloboquadrina dutertrei and
N. pachyderma following the taxonomic concept of A. Martin et al., Brown
University (pers. comm., 1993). Neogloboquadrina dutertrei is characterized by a
tooth, an open umbilicus, and a loosely coiled test with 5 or more chambers
separated by distinct incised sutures. It tends to have a deep, open and enlarged
aperture and shows a strong increase in chamber size. Neogloboquadrina
pachyderma has generally less then 5 chambers, which increase in size only
slightly and are separated by less distinct sutures. It has no tooth, a narrower
umbilicus and a slit-like aperture. Globorotalia menardii and G. tumida were
lumped, as were Globigerinoides sacculifer with and without a sac-like chamber.
Globigerina falconensis and Globigerina bulloides are regarded as separate species
following Malmgren and Kennett (1977).
We carried out a cluster analysis and a Pearson correlation analysis on the
percentages and the measured physico-chemical seawater properties in order to
study relations between species and samples and between the foraminiferal
assemblages and water masses. Further varimax factor analyses based on
correlations were used to yield the spatial orientation of net- and corresponding
pump samples and the spatial orientation of pump samples. For these analyses
we used the SYSTAT program (Wilkinson, 1989).
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Figure 3.2
General upper-ocean current circulation in the SE Atlantic (after Moroshkin et al., 1970; van
Bennekom and Berger, 1984). The dark-dotted area at 15°S represents the AngolaBenguela Front (Meeuwis and Lutjeharms, 1990). The Congo plume is indicated by a lightdotted area. The orientation of the plume is based on the November 33 ‰ isohaline (after
Eisma and van Bennekom, 1978; Merle, 1978; van Bennekom and Berger, 1984). Redrawn
after original figure.

Hydrography
Overviews of the surface circulation in the South Atlantic are given by
various authors (Moroshkin et al., 1970; van Bennekom and Berger, 1984; Meeuwis
and Lutjeharms, 1990; Peterson and Stramma, 1991) (Figure 3.2). The large-scale
circulation is controlled by a semi-permanent atmospheric high-pressure system
in the central South Atlantic (the South Atlantic Anticyclone, around 30°S 10°W)
and a low-pressure system over Africa moving from southern equatorial Africa
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(around 15°S) during the austral summer towards equatorial regions and the
Sahara during the austral winter. This pattern induces more meridionally directed
trade winds nearby the continent and more zonal trade winds further offshore,
and onshore monsoonal winds north of c. 15°S.
The prevailing southerly and southeasterly winds drive an offshore surface
drift and induce intense coastal upwelling of cold, nutrient-rich water. The drift,
the Benguela Current (BC), has a main limb, the Benguela Oceanic Current (BOC),
that leaves the African coast at 20°S from where it moves in north- western
directions. A coastal branch of the BC, the Benguela Coastal Current (BCC), moves
up to 14°-16°S. Here the intense coastal upwelling also terminates (Meeuwis and
Lutjeharms, 1990). The current system near the equator comprises the westward
South Equatorial Current (SEC) and two eastward currents, the South Equatorial
Counter Current (SECC) and the Equatorial Under Current (EUC). South of the
equator, an offshoot of the SECC, the Angola Current (AC), flows south along the
African coast, where its meets the cold Benguela waters at the Angola Benguela
Front (ABF), at 14°-16°S. North of the front, the BCC can be detected as a narrow
subsurface tongue up to 5°S (van Bennekom and Berger, 1984). The combined BC,
SECC, and AC form a large cyclonic gyre system centred at about 10°W (Peterson
and Stramma, 1991).
South of 23°S, at the shelf break, a thermal front is located that separates
coastal upwelled water from offshore filaments (Shannon, 1985). These filaments
are eddies of upwelled water mixed with oceanic waters. They extend up to 1000
km offshore during maximum upwelling in winter and spring (Lutjeharms et al.,
1991).
The outflow of the Congo River causes a thin (initially 5-15 m), silica-rich,
low-salinity plume. It meanders and forms lobes in response to wind stress, wind
direction and river discharge (Eisma and van Bennekom, 1978). The outflow
induces upwelling by entrainment of cool subsurface oceanic waters that are rich
in phosphate and nitrate (van Bennekom et al., 1978). North and south of the
Congo River plume, seasonal coastal upwelling takes place during fall (van
Bennekom et al., 1978; Herbland et al., 1983). During our expedition in October
1989, the prevailing SSW winds directed the plume to the WNW. The southern
boundary of the Congo River plume is marked by a sharp gradient in salinity,
whereas in the north and west the boundary is less distinct (Eisma and van
Bennekom, 1978; van Bennekom and Berger, 1984).
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Figure 3.3
Correlation plot of the two main factors of the varimax factor analysis of corresponding
pump and net samples. The lines link the corresponding pump and net samples. The
correlation between two corresponding samples is indicated by the cosine of the angle
between two imaginary vectors times the product of their respective lengths (see also
Table 3.2).

Results
Value of the net samples
It is not self-evident that the pump and net samples will give equal results,
because the pump samples only reflect the mixed layer, while the vertical
plankton net collects from the upper 150 m of the water column including the
mixed layer, the thermocline, and part of the water column below it. A
comparison of the data from the pump and net samples, with a linear regression,
revealed generally a significant correlation from the pump and the corresponding
net, calculated after percentages (Table 3.2). This is not true, however, for the
samples from the transect at 15°S, the ABF, (N32 and N34) and just south of the
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Table 3.2
Correlation between pump and net
samples based on percentages
(see also Figure 3.3).

Congo River (N25) which lack a significant correlation (Table 3.2). A factor analysis
is used to structure the relationship between pump and net samples. Based on a
factor analysis a plot of the first versus the second factor reveals a similar
conclusion (Figure 3.3). Pump- and net samples from a specific location are
generally grouped together, except for samples from the ABF, N32 and N34.
Figure 3.3 shows a clear grouping of samples generally located in or near the
Congo River plume (F1 >> F2) as well as a clear grouping of samples found in the
open ocean (F2 >> F1). Samples P11, N10, N11, and N14 (F1 > F2) are found at the
intersection of both regimes. The rest of the samples show less distinct
preferences. Thus, apart from frontal zones, the pump samples appear to reflect
the species distribution of the net samples. Because we collected many more
pump samples than net samples and because the pump sampling was carried out
continuously, we will concentrate our discussions on the foraminiferal distribution
in the pump samples.
Towing sampling can be impaired by clogging of the net, too high a
towing speed, or oblique towing, but we did not observe such failures. We also
did not observe distinct differences between day and night samples;
concentrations are slightly higher during the night than during daytime. Whether
diel vertical migration does occur (Bradshaw, 1959; Bé and Hamlin, 1967) or not
(Boltovskoy, 1973), Berger (1969) concluded that much of the recorded
differences in abundance can be attributed to patchiness or even dissolution due
to acidification induced by high biomass levels.
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Figure 3.4
Concentrations of planktonic foraminifera (m-3) in pump samples, foraminiferal
assemblages and associated water masses. (FQ=first quarter, FM=full moon, LQ=last
quarter, NM=new moon; *=high concentration).

Reproduction and abundance, influence of frontal mixing, and lunar cycles
In the pump samples, we observed relatively very high concentrations of
G. sacculifer (samples P9, P11, P59, P60; also net sample N42), G. ruber white (P11,
P13), G. ruber pink (P11, P30 and P33) and G. bulloides (P42 and P48), and relatively
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Figure 3.5
Concentrations of planktonic foraminifera (m-3) in net samples, foraminiferal assemblages
and associated water masses. (*=high concentration).

high concentrations of G. siphonifera (P13), G. glutinata (P13) and N. dutertrei (P30)
(Figures 3.4 and 3.5). A high concentration is defined as one more than five times
the average concentration as well as twice the concentration of the neighbouring
samples. All these maxima are observed near the borders between two water
masses. However, except for G. bulloides (P42 and P48) and G. ruber pink (P33),
these maxima are not noticed in figures 3.6 and 3.7, which are based on the
percentages. The maxima are generated by high concentrations of the total
planktonic foraminifera.
High concentrations may result from mixing of water masses, which induce
increased productivity and cause a strong dominance of those species that occur
in both water masses (Ottens, 1992). The high concentrations of G. sacculifer,
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Figure 3.6
Percentages of planktonic foraminifera in the pump samples, foraminiferal assemblages
and associated water masses.

G. ruber white and pink and G. glutinata recorded in sample P11 and P13 occur
near the boundary of two water masses and may result from mixing of surface
waters from the equatorial Atlantic and those influenced by the Congo River
plume. Similar processes may account for the elevated numbers of G. ruber pink
and N. dutertrei in sample P30, P33, at the southern boundary of the Congo River
plume, and sample P42 and P48, which occurs at and near the Angola Benguela
Front. In samples P59, P60 and net sample N42, the high concentrations of
G. sacculifer may result from reproduction because G. sacculifer mainly exhibits
poorly developed cancellate tests in these samples. These tests resemble the early
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Figure 3.7
Percentages of planktonic foraminifera in the net samples, foraminiferal assemblages and
associated water masses (*=high concentration).

adult stages with one proximal secondary aperture (Brummer et al., 1987). The
peaks in P59, P60 and N42 occur at the interface of the subtropical gyre and the
nutrient-rich Benguela Oceanic Current. We attribute these peaks to frontal
mixing, resulting in increased productivity that may have triggered the
reproduction at this area. This feature was also met by Ottens (1992) who
observed high concentrations of G. sacculifer in a mixing zone, the Azoren Frontal
Zone, in the western N. Atlantic.
Apart from patchiness, also lunar reproduction may account for the
above peaks. Bijma and others (1990a) demonstrated that G. sacculifer,
G. bulloides and G. glutinata show lunar reproduction cycling, whereas G. ruber
pink and white and G. siphonifera show a semi-lunar cycle. Because we never
followed an assemblage in the same water mass during one (semi-) lunar cycle,
conclusions on (semi-) lunar reproduction are not possible from our data.
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Figure 3.8
Correlation plot of the two main factors of the varimax factor analysis of pump samples
(indicated by their numbers). Assemblages A - F are depicted by different shading patterns.

We conclude that frontal mixing and subsequent enhanced productivity
and reproduction has a large influence on the distribution of spinose species in
the pump samples P9, P11, P13, P30, P33, P42, P48, P59 and P60, and the net
sample N42. These samples reflect the influences of more than one water mass.
Concentrations
In the SE Atlantic, the concentrations of planktonic foraminifera show a
wide range in number and distribution. The concentrations of planktonic
foraminifera between 150 and 600 μm vary from 6 to 460 specimens per m-3 in
the pump samples and from 2 to 163 specimens per m-3 in the net samples
(Tables 3.1 and 3.2). In the pump samples, the highest concentrations are found in
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Assemblage

the high fertility regions near the Benguela Current (P52-P55) and just south of
the equator (P4-P13). In the net samples, maximum concentrations are recorded
in the eastern equatorial Atlantic (N8, N10) and at Walvis Ridge (N42). In the pump
samples, the concentrations are comparable to those recorded in the SE Atlantic
by Bé and Tolderlund (1971) and Oberhänsli and others (1992). In the
westernmost pump samples (P2 and P3), however, we found about 10 times
lower concentrations than Oberhänsli and others (1992). We attribute this
difference to patchiness.
Description of the foraminiferal assemblages, statistical analyses
Based on the species distribution along the ship track (Figures 3.6 and
3.7) and secondly the results of the factor and cluster analyses (Figures 3.8 and
3.9), the track is visually divided into 6 foraminiferal assemblages A to F (Table
3.3, Figure 3.10). The assemblages are primarily based on the biogeography.
The cluster analyses are used as a controlling parameter in defining the
assemblages. Although not indicated by the cluster analysis on the species, the
assemblage F is added because it will appear to represent a distinct water
mass, the BOC (see below).
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assemblage

main species

other species

water masses

A

G. sacculifer
G. ruber white
G. ruber pink

G. siphonifera
N. dutertrei
G. menardii

South Equatorial Current/
Equatorial Undercurrent

B

G. ruber pink
N. dutertrei

G. sacculifer
G. ruber white
G. siphonifera

Congo River plume

C

N. dutertrei
G. siphonifera

G. ruber white
G. sacculifer
O. universa

South Equatorial Counter Current/
Equatorial Undercurrent

D

G. inflata
G. bulloides

G. siphonifera
N. dutertrei
O. universa

Angola-Benguela Front

E

N. pachyderma left
N. pachyderma right
G. bulloides

F

G. sacculifer
G. bulloides

Coastal upwelling
Benguela Coastal Current
G. inflata
O. universa
N. dutertrei

Benguela Oceanic Current
subtropical gyre

Table 3.3
Summary of foraminiferal assemblages and associated water masses.

In assemblage A, west of 4°E, the samples (P1-P12, N3-N10) are
characterized by G. sacculifer and G. ruber white. Globigerinoides ruber pink is
also abundant, while N. dutertrei, G. menardii, and Globigerinella siphonifera play
a minor role. Towards the east, the percentage of pink G. ruber increases and of
G. sacculifer decreases. The faunas in the pump and net samples are largely
similar, except at station N3 where the net encountered higher concentrations
of surface water species than in the pump samples. The assemblage is reflected
in the cluster that groups G. sacculifer, G. ruber white and G. menardii.
The samples of assemblage B, east of 4°E (P13-P34, N11-N23) are marked
by lower contributions of G. ruber white and G. sacculifer and higher G. ruber
pink and N. dutertrei, particularly near the Congo River plume (P22-P29, N19N21). The transition from assemblage A to assemblage B is marked by high
concentrations of white and pink G. ruber and G. sacculifer (P11 and P13; Figure
3.4). The samples P30, P31 and N23, south of the Congo River mouth, show
high percentages of G. bulloides and high concentrations of planktonic
foraminifera. In the cluster analysis this assemblage is represented by the
single-species group G. ruber pink.
Assemblage C, southwest of the Congo River plume (P35-P41, N25-N28)
is distinguished from the Congo River plume assemblage by an abrupt increase
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Figure 3.10
Geographical distribution of the foraminiferal assemblages. Redrawn after original
figure.

of G. siphonifera and a decrease of G. ruber pink, while N. dutertrei remains
abundant. Smaller increases are noticed in the percentages of G. sacculifer,
G. ruber white, G. glutinata and O. universa. In the cluster analysis this
assemblage reflects one group. The adjoining track to the west (P67, P68)
shows a similar species distribution.
Assemblage D, in the west-east section at 14°-15°S (P42-P47, N31-N43),
is dominated by G. inflata and G. bulloides. The extremely high concentrations
of planktonic foraminifera and of G. bulloides in sample P42 originates from
increased productivity in response to frontal mixing of nutrient-rich waters of
the Benguela Current (see above). Globigerinoides sacculifer, G. siphonifera and
N. dutertrei, species characteristic of assemblage C, increase in abundance
towards the coast in this area (P46-P47, N32).
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SST
Salinity
Nitrate
Phosphate
Silicate
Thermocline depth

SST

Salinity

1
-0.519
-0.632
-0.508
0.440
-0.840

1
0.186
0.166
-0.975
0.525

Nitrate Phosphate

1
0.746
-0.068
0.864

1
-0.178
0.148

Silicate

1
-0.665

Thermocline depth

1

Table 3.4
Pearson correlation matrix of the measured physico-chemical sea-water properties. Bold
numbers represent correlation coefficients different from zero using a 95 % confidence
level.

The samples P48 to P57 cover assemblage E in the region off Namibia.
No net samples were taken here. The area is dominated by left- and right-coiled
N. pachyderma together with G. bulloides (pach-bull assemblage). In the shelf
region (P49-P54), left-coiled N. pachyderma dominates the population with
percentages up to 78 %. In the southern part of the assemblage, N. pachyderma
right and G. bulloides gradually replace N. pachyderma left to the west. During
the expedition, the highest concentrations of planktonic foraminifera were
encountered in this shelf region. In the cluster analysis (Figure 3.9), one group
was formed by G. inflata and G. bulloides and left- and right-coiled
N. pachyderma. The first two species characterize the assemblage D and the
latter two assemblage E.
Assemblage F is found in the southwestern part of the area (P58-P66,
N42). Both the pump- and net samples are dominated by G. sacculifer, gradually
decreasing to the north, G. bulloides and contain also G. inflata, N. dutertrei and
O. universa. Globigerinoides sacculifer and G. bulloides are also important in
other assemblages, which explains why this assemblage is not reflected in the
cluster analysis.
Correlation with hydrography
The Pearson correlation analysis on the species abundance versus the
measured physico-chemical seawater properties (Figure 3.11, Table 3.4) allow us
to relate the foraminiferal assemblages to the surface water masses in the SE
Atlantic. During the time of the expedition, no major anomalies in sea surface
temperature were noticed compared to the data of the 1980s, except for the
region off Namibia where the sea surface was about 1°C colder (Shannon et al.,
1992). Therefore, the hydrographic conditions of October and November 1989 are
representative of the austral spring situation. All species, except G. glutinata, show
a significant correlation with two or three properties (Figure 3.11).
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Figure 3.11
Pearson correlation matrix of foraminiferal species percentages and physico-chemical
properties in the surface waters (n = the number of observations; k = critical value of the
correlation coefficient). The dashed lines mark the level at which the correlation
coefficient differs significantly from zero using a 95 % confidence level. Abbreviations:
rw=G. ruber white, rp=G. ruber pink, sacc=G. sacculifer, bull=G. bulloides, orb=O. universa,
glut=G. glutinata, siph=G. siphonifera, infl=G. inflata, men=G. menardii, dut=N. dutertrei,
pachd=N. pachyderma right, pachs=N. pachyderma left.

Globigerina sacculifer and G. ruber white, dominant in assemblage A,
correlate with warm waters with a high salinity, a deep mixed layer and a low
silicate concentration, prevalent in the SEC (van Bennekom and Berger, 1984). The
maximum abundances of these species occur in the western part of the track.
Towards the east, percentages of G. sacculifer and G. ruber white decrease whilst
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G. ruber pink and N. dutertrei increase, concurrent with decreasing salinities,
increasing temperatures and silicate concentrations, and a shallowing mixed
layer. These shifts reflect the shoaling of the Equatorial Under Current (EUC) and
the approach of the Congo River plume (van Bennekom and Berger, 1984;
Peterson and Stramma, 1991).
The plume properties are reflected by the dominant species of assemblage
B. Both, G. ruber pink and N. dutertrei, correlate with high surface water
temperatures, low salinities and high silicate concentrations that characterize the
Congo low-salinity plume (Eisma and van Bennekom, 1978; van Bennekom and
Berger, 1984).
Neogloboquadrina dutertrei and G. siphonifera, dominant in assemblage C,
both correlate with high surface water temperature but show opposite relations
with salinity and silicate concentration. The less abundant G. ruber white,
G. sacculifer and O. universa, however, confirm the high temperatures and, like
G. siphonifera, correlate with high salinities, low silicate, and a shallow mixed layer.
Apparently, the occurrence of N. dutertrei in this assemblage is determined by
high temperatures rather than by salinity and silicate. The correlation of
N. dutertrei with high silicate and low salinity may be caused by overestimation of
the properties of the Congo plume due to the disproportionately large number of
samples in the plume region. Assemblage C reflects the warm oceanic south
Equatorial Counter Current (SECC) and EUC (Peterson and Stramma, 1991).
Compared to assemblage A, there is no significant correlation anymore with a
deep mixed layer, which illustrates the shoaling of the EUC and SECC in this
region. An abrupt decrease of G. ruber pink at the boundary of assemblage B and
C marks the salinity drop at the southern boundary of the Congo River plume.
The dominant species in assemblage D, G. inflata and G. bulloides, correlate
with relatively low surface-water temperatures and high nitrate and phosphate
concentrations. Globorotalia inflata also coincides with a deep mixed layer. These
properties are met in the Angola-Benguela Front (ABF), due to vertical mixing and
the supply of cool Benguela Current water (Merle, 1978). During the expedition,
no nutrient samples were taken in this assemblage, but Oberhänsli and others
(1992) noted increased chlorophyll a concentrations there. Species belonging to
assemblage C are also present in this assemblage. Increasing towards the east,
they reflect the influence of warm water from the Angola Current near the coast.
Neogloboquadrina pachyderma and G. bulloides, the dominant species in
assemblage E, correlate with low temperatures, and high nitrate and phosphate
concentrations. The correlation is consistent with both the cold and nutrient-rich
Benguela Current water and the influence of coastal upwelling in this region, with
maxima in phosphate occurring on the shelf and maxima in nitrate further
offshore (Chapman and Shannon, 1985; Meeuwis and Lutjeharms, 1990). The
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gradual replacement of N. pachyderma left by N. pachyderma right and G. bulloides
in the southern part of the assemblage reflects the gradual warming of the
surface water offshore.
The combination of the dominant species in assemblage F, G. bulloides and
G. sacculifer, correlates with low temperatures, high salinities, high nitrate and low
silicate concentrations, and a deep mixed layer. Compared to assemblage E, the
replacement of N. pachyderma by G. sacculifer points to and reflects higher
salinities and temperatures, and lowered nutrient levels, as does the occurrence
of G. inflata and O. universa. They are characteristic for the oceanic branch of the
Benguela Current, but with a smaller contribution of filaments of upwelled water
compared to assemblage E (Chapman and Shannon, 1985; Shannon, 1985). The
presence of N. dutertrei in this assemblage seems to contradict these properties.
Being rare in the south and increasing to the north, it mirrors the gradually
increasing sea surface temperatures in this direction (Peterson and Stramma,
1991).
Comparison with previous research
Assemblage A
The species composition of assemblage A and its correlation to
hydrographic properties are in accordance with results from surface-water studies
of Bénier (1985), Ravelo and others (1990) and the surface sediment study by Van
Leeuwen (1989). The decrease to the east of G. sacculifer and G. ruber white in
favour of N. dutertrei and G. ruber pink is also depicted in the surface sediment
distributions (van Leeuwen, 1989). Conformably to our observations, G. sacculifer
and G. ruber white are well-known warm, oligotrophic surface-waters species (Bé
and Tolderlund, 1971; Bé and Hutson, 1977; Bijma et al., 1992). Besides,
G. sacculifer shows a preference for waters with a deep mixed layer (Ravelo et al.,
1990).
Globorotalia menardii and N. dutertrei, of minor importance in the surfacewater samples but abundant in the net samples, are generally associated with the
Deep Chlorophyll Maximum (DCM) in tropical and subtropical waters (Fairbanks
et al., 1982; van Leeuwen, 1989) and to the Equatorial Under Current (EUC) (Jones,
1967). The DCM usually coincides with the thermocline at the top of the cool and
nutrient-rich EUC (Voituriez and Herbland, 1977; Peterson and Stramma, 1991),
which is in accord with the occurrence of N. dutertrei and G. menardii in the net
samples. As the EUC and the thermocline shoal eastward, the concentration of
nutrients into the euphotic zone increases, resulting in a gradual replacement of
the oligotrophic G. sacculifer by the more eutrophic and cosmopolitic species
G. siphonifera (Bijma et al., 1990b) and G. glutinata (Ottens, 1992) respectively.
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A different faunal assemblage has been recorded by Oberhänsli and others
(1992) in this region. In March, during the late austral summer G. glutinata and
G. falconensis largely replaced the surface-dwelling oligotrophic G. sacculifer and
G. ruber. Moreover, G. sacculifer did not correlate with higher salinities during late
summer (Oberhänsli et al., 1992), when the salinities are low (Merle, 1978). This
difference can be explained by the seasonal variability of surface salinity (Merle,
1978) and the thermal structure of the euphotic zone. During the austral summer,
the westward wind and the resulting South Equatorial Current are weak (Katz et
al., 1981), resulting in increased ridging up of the EUC (Voituriez, 1981), and
shallowing of the thermocline and DCM. Consequently, the surface and
subsurface waters became enriched in nutrients, as expressed by intermediate
chlorophyll-a levels in the upper 5 meters (Oberhänsli et al., 1992).
Assemblage B
Assemblage B, with the main species G. ruber pink and N. dutertrei, is
associated with the low-salinity, warm, and silica-rich Congo River plume. This
relation is supported by Boltovskoy (1968) who noticed a preference of G. ruber
pink for lowered salinities in the surface waters in the eastern equatorial Atlantic.
Laboratory experiments, however, indicate that salinity is unlikely to limit the
biogeographical distribution of planktonic foraminifera (Bijma et al., 1990b). The
salinity differences recorded during the cruise are largely within the interval of
their experiments, so our correlation of species with salinity may point to
parameters co-variant with salinity rather than salinity itself. In the surface
sediments, G. ruber pink is abundant in the entire low-saline near-coastal area of
the eastern equatorial Atlantic (van Leeuwen, 1989) marked by high zooplankton
concentrations (Binet, 1983).
Globigerinoides ruber pink thrives in tropical waters (Bé and Tolderlund,
1971) (Bé and Tolderlund, 1971), while N. dutertrei is generally associated with the
Deep Chlorophyll Maximum (DCM) (Fairbanks et al., 1982; van Leeuwen, 1989;
Ravelo et al., 1990). The combination of a surface water- and a DCM- species
seems somewhat contradictionary. The high percentage of the thermocline
species N. dutertrei in the pump samples may reflect the very shallow chlorophyll
maximum caused by river-induced upwelling reported by Van Bennekom and
Berger (1984). Diatoms flourishing in the silica-rich plume surface water (Cadée,
1984) could serve as a major food source to N. dutertrei (Kroon and Ganssen,
1989). We suggest that the high percentages of G. ruber pink and N. dutertrei in
the Congo River plume are in the first place related to high temperatures and
enhanced food supply, and not so much to lowered salinities. This co-variance
with sea surface temperatures and nutrients also explains the nearly significant

76

Living planktonic foraminifera in the eastern South Atlantic

correlation of the two species with a shallow mixed layer (Table 3.4, Figure 3.11).
The shallow mixed layer also explains the high percentages of N. dutertrei in the
pump samples.
As reported above, the samples P30, P31 and N23 south of the Congo River
are marked by high percentages of Globigerina bulloides and high concentrations
of planktonic foraminifera. Nevertheless, the percentages of the oligotrophic
G. ruber pink in the pump samples do not decrease considerably (Figure 3.6).
Compared to the fauna in the major part of this assemblage, this faunal feature
suggests lower sea surface temperatures. Globigerina bulloides, indicative of high
productivity, is abundant in upwelling regions near continental margins (Bé and
Tolderlund, 1971; Coulbourn, 1980; Prell and Curry, 1981; van Leeuwen, 1989;
Thunell and Reynolds-Sautter, 1992) and in regions of frontal mixing of water
masses (see above). The upwelling south of the Congo River plume (Herbland et
al., 1983; van Leeuwen, 1989) can be either coastal or river-induced upwelling.
Because the main wind direction, SSW, was not favourable to coastal upwelling
during the sampling period, the dominance of G. bulloides in these samples points
to increased productivity generated by frontal mixing or river-induced upwelling.
Frontal mixing may also account for the occurrence of warm water and
oligotrophic species, pink G. ruber, the main indicator of the Congo River plume,
next to G. bulloides. In the case of river induced upwelling, the cool upwelled
waters did not reach the surface as is indicated by the high sea surface
temperatures of 26°C, which explains the relatively high abundances of G. ruber
pink.
Assemblage C
The main species of assemblage C, N. dutertrei and G. siphonifera, reflect
the properties of the warm, highly saline and oceanic South Equatorial Counter
Current (SECC) and Equatorial Under Current (EUC). The species distribution
pattern in the surface waters largely coincides with the results of Bé and
Tolderlund (1971) from 200 μm net samples. Shoaling of the subsurface currents
SECC and EUC is described by Peterson and Stramma, (1991). This initiates
cyclonic curls and subsequent shallowing of the thermocline, bringing nutrients
towards the surface. This causes the increased percentages of N. dutertrei. The
assemblage contrasts with the high concentrations of the oligotrophic G. ruber
and G. glutinata that were observed by Oberhänsli and others (1992) in the late
summer, and were also attributed to the EUC. Their observation, however, was
done during summer in the area where the Angola Dome is most active (Mazeika,
1967). Moreover, Oberhänsli and others (1992) found a positive correlation of
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G. ruber, the dominant species, with low oxygen concentrations. The Angola
Dome contains oxygen-poor water whilst the EUC is oxygen-rich (Mazeika, 1967;
Voituriez and Herbland, 1982) so the summer observation of G. ruber and
G. glutinata probably reflects the influence of the Angola Dome rather than the
EUC.
Assemblage D
Assemblage D, with the main species G. inflata and G. bulloides, reflects the
cool and nutrient-rich waters at the Angola-Benguela Front (ABF). Towards the
east, the percentages of G. siphonifera and N. dutertrei, species of assemblage C,
increase. This increase reflects the southward advection of the Angola Current
near the coast which, however, is located more to the west than outlined by
Shannon and others (1987). The advection of Angola Current water is also
mirrored in the surface sediments, where G. inflata is abundant in the western
part of the assemblage, and subtropical species in the east (Ufkes, unpublished).
Globorotalia inflata is believed to prefer homothermal water masses
created during winter (Coulbourn, 1980; Ganssen and Sarnthein, 1982) or at
mesotrophic frontal systems (Pujol and Vergnaud-Grazzini, 1989; Ottens, 1992). In
the S. Atlantic, G. inflata is also found at the edge of the subtropical gyre and the
Benguela Current (Bé and Tolderlund, 1971; van Leeuwen, 1989), as well as on the
offshore side of upwelling cells and filaments (Giraudeau, 1993). Globigerina
bulloides, indicative of high productivity (see assemblage B) is common in waters
where the Deep Chlorophyll Maximum is weakly developed or absent (Ottens,
1992). This is consistent with the situation in our study area in spring (Merle, 1978;
Shannon et al., 1987).
Assemblage E
The main species of assemblage E, N. pachyderma (Merle, 1978) and
G. bulloides, occur in the region off Namibia and are correlated with the cold and
nutrient-rich waters supplied by the Benguela Current and the Benguela Coastal
Current. At the shelf break, the left coiled N. pachyderma, abundant on the shelf, is
replaced with the right-coiled N. pachyderma and G. bulloides. The species
distribution is corroborated by the surface water data of Bé and Tolderlund (1971)
and Oberhänsli and others (1992) and in the surface sediment data of Giraudeau
(1993). The replacement concurs with the increase in sea surface temperatures to
the west.
Neogloboquadrina pachyderma is generally related to high food levels and
relatively low temperatures. In stratified waters, it shows a strong preference for
the Deep Chlorophyll Maximum (Fairbanks et al., 1982; van Leeuwen, 1989;
Ravelo et al., 1990), but it is also related to less stratified waters with a high
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primary production (Reynolds and Thunell, 1985; Pujol and Vergnaud-Grazzini,
1989; Ottens, 1992). Apart from a transition to higher sea surface temperatures,
the replacement of N. pachyderma left with N. pachyderma right and G. bulloides
also reflects a gradient in nutrients for the following reasons. The high
abundances of N. pachyderma left in this assemblage occur in waters of about
14°C, far beyond the 7° to 9°C which is generally regarded as its upper limit
(Reynolds and Thunell, 1985). Ufkes and Zachariasse, (1993) have demonstrated
that this occurrence must be attributed to the elevated food levels and the
associated timing of reproduction of N. pachyderma left in this region. West of the
shelf break the influence of the upwelling system decreases and gives way to the
influence of the filaments which contain warmer and less fertile waters due to the
mixing with oceanic waters (Lutjeharms et al., 1991).
Assemblage F
Assemblage F with G. sacculifer - G. bulloides is related to the cool, saline,
nutrient-rich Benguela Oceanic Current (BOC). Neogloboquadrina dutertrei,
increasing to the north, preludes the approach of the warm South Equatorial
Counter Current and Equatorial Under Current (assemblage C) and the cyclonic
gyre.
Compared to the surface-water data (Bé and Tolderlund, 1971) and seafloor sediment data (van Leeuwen, 1989; Giraudeau, 1993) the percentages of
G. inflata, O. universa and N. pachyderma right are strongly suppressed by the very
high abundances of G. sacculifer that originate from enhanced reproduction in
response to frontal mixing of two water masses; the BOC and coastal upwelling
filaments, and the subtropical gyre. Globigerinoides sacculifer is commonly
recorded in the adjacent oligotrophic subtropical gyre (Bé and Tolderlund, 1971;
van Leeuwen, 1989; Oberhänsli et al., 1992). In this association the concurrence
with G. bulloides is unexpected, because the latter is an indicator of enhanced
productivity. The occurrence of G. bulloides confirms the impact of the upwelling
filaments. Orbulina universa, G. bulloides, and G. inflata are related to the Benguela
Current (Bé and Tolderlund, 1971; van Leeuwen, 1989; Giraudeau, 1993), with
O. universa being more common in the northern part (Giraudeau, 1993).
Oberhänsli and others (1992) (station GeoB 1034) found that G. bulloides is
less abundant during summer than during spring when we have taken our
samples. Globigerinoides sacculifer is accompanied with G. menardii, another
common species in the subtropical gyre (Bé and Tolderlund, 1971; van Leeuwen,
1989) and small contributions of N. pachyderma right. These observations point to
an enhanced influence of the subtropical gyre and a more distinct seasonal
thermocline during summer.
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Conclusions
(1) Based on the species distribution along the tracks and the cluster
analyses, 6 foraminiferal assemblages are distinguished. Pearson correlation
analyses of the percentages of species and the measured seawater properties
show that the foraminiferal assemblages are related to the physico-chemical
properties of the surface-water masses in the SE Atlantic during spring. There is a
good agreement between these correlations and previously published results.
(2) The white and pink varieties of G. ruber show different preferences.
Together with N. dutertrei, G. ruber pink characterizes the thin, warm, low saline
and silica-rich Congo River plume (assemblage B). Globigerinoides ruber white,
together with G. sacculifer occurs mainly in the warm, saline South Equatorial
Current (A). The N. dutertrei - G. siphonifera assemblage (C) reflects the warm South
Equatorial Counter Current and Equatorial Under Current.
(3) The major changes in foraminiferal faunas occur at the AngolaBenguela Front (ABF), a region dominated by G. inflata and G. bulloides. The
assemblage (D) reflects the mixing of warm water from the north and cool,
nutrient-rich water from the south. South of the ABF, the N. pachyderma G. bulloides assemblage (E) indicates the colder and more nutrient-rich surface
waters of the Benguela Current and Benguela Coastal Current, N. pachyderma left
reflecting the upwelling waters over the shelf and N. pachyderma right and
G. bulloides reflecting the filaments of mixed oceanic and upwelled water. In the
south-western part of the area, at Walvis Ridge, the unusual G. sacculifer G. bulloides assemblage (F) is attributed to the interaction of the subtropical gyre
and the Benguela Oceanic Current.
(4) Salinity does not control the biogeographical distribution of the
planktonic foraminifera. The correlation of G. ruber pink and N. dutertrei with low
salinity points to parameters co-variant with salinity rather than salinity itself.
(5) Frontal mixing often causes the dominance of a few species near the
boundaries of water masses. This feature produced a reproduction peak of
G. sacculifer in the area where the subtropical gyre and the Benguela Oceanic
Current meet.
(6) The composition of the pump samples satisfactorily reflects the
composition of the net samples, with the exception of the samples collected
near oceanic fronts.
(7) Seasonal variations account for the differences between observations
by Oberhänsli and others (1992), who sampled during summer, and our data
for the assemblages A, C, and F.
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Abstract
Core T89-40, eastern Walvis Ridge between the subtropical gyre and
Benguela coastal upwelling system, contains three types of levels of abundant
left-coiled Neogloboquadrina pachyderma, a cold, eutrophic species, next to
subtropical species. Type A peaks (362, 110 and 53-43 ky BP) are accompanied
with high percentages of other eutrophic species. They are attributed to
intensified upwelling in the Northern Benguela region. Type B peaks (129 and 92
ky BP) are accompanied by moderate (< 48 %) contributions of other eutrophic
species and increased numbers of subtropical species. These suggest intensified
upwelling in the Northern Benguela cells and may reflect increased seasonal
contrasts between the winter upwelling and the subtropical summer conditions.
The highest C-peaks, up to 38 %, are associated with strongly reduced
percentages of other eutrophic species and with abundant subtropical species
Marine Isotopic Stage 11.3 (401 ky) and 9.3 (326 ky). The subtropical species
preceeded the C-peaks by c. 8 ky. We argue that the C-peaks were not produced
by local reproduction but expatriated from the Northern Benguela upwelling
cells. Here more nutrient-rich waters may have produced a mono-specific
N. pachyderma (left) fauna during strong polewards shifts of the frontal systems in
the South Atlantic, which could have been transported 700 km offshore to the
core location, unadmixed with eutrophic species from the surrounding waters. We
propose meandering shelf-edge jets, strong contour jets, as a mechanism for the
transport. The timing of the C-peaks and associated subtropical peaks agrees with
the known precessional cyclicity of the SE Atlantic front movements and zonality
of the trade winds, which supports the shelf-edge jet hypothesis.

Introduction
Left-coiled Neogloboquadrina pachyderma is generally known as a
species that dominates assemblages of planktonic foraminifera in polar and
subpolar eutrophic regions and generally serves as an important proxy of past
ocean temperatures, salinity, sea ice and nutrient conditions (Imbrie and Kipp,
1971; Kipp, 1976; Pflaumann, 1986).
This cool and eutrophic species, however, is increasingly reported from
tropical and subtropical regions where it is related to nutrient-rich upwelling
waters (Schmidt, 1992; Giraudeau, 1993; Ufkes and Zachariasse, 1993; Naidu
and Malmgren, 1996). In the present South Atlantic, left-coiled N. pachyderma
generally reflects cool, highly productive waters. It is found in subpolar waters
south of the Subtropical Convergence and in the Benguela upwelling cells,
particularly in the southern Benguela upwelling system (Bé and Tolderlund,
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1971; van Leeuwen, 1989; Schmidt, 1992; Giraudeau, 1993; Ufkes and
Zachariasse, 1993; Ufkes et al., 1998).
On the eastern Walvis Ridge, left-coiled N. pachyderma is recorded
during interglacial and glacial periods. Here, the species is accompanied with
eutrophic species and cold water species of southern origin, but also with
subtropical species (Oberhänsli, 1991; Schmidt, 1992; Jansen et al., 1996; Wefer
et al., 1996; Little et al., 1997). We will try to explain this apparent inconsistent
behaviour of left-coiled N. pachyderma in terms of changes in atmospheric and
oceanic circulation patterns and the coastal upwelling system in the eastern
South Atlantic. We will also consider changes in local water conditions and
transport of non-reproductive populations from coastal regions. The study is
based on the occurrences of left-coiled N. pachyderma in a core from the Walvis
Ridge, located in a region largely influenced by the oceanic branch of the
Benguela Current and the subtropical gyre.

Materials, Methods and Taxonomical notes
The planktonic foraminifera were studied in piston Core T89-40 from a
water depth of 3073 m situated at 21°36'S, 6°47'E (Figure 4.1). Core T89-40
contains white foraminifer-rich, nannofossil ooze with rare contributions of
siliceous material. The age model (Table 4.1) is based on oxygen isotope data of
Globigerinoides ruber white (every 5 to 10 cm in the size fraction 250-350 μm,
Figure 4.2) and the SPECMAP time-scale (Imbrie et al., 1984). The positions
between the data points were dated by linear interpolation. The oxygen
isotope curve of Core T89-40 shows a strong resemblance with those of the
neighbouring Cores GeoB 1031, 1032 and 1034 (Table 4.2; Schmidt, 1992;
Bickert, 1992). The average sedimentation rate is about 1.5 cm/ky.
The planktonic foraminifera were studied in the size range between 150
and 600 μm and have been reduced to aliquots of at least 300 specimens
(using an Otto microsplitter) and completely picked, mounted on Chapman
slides, identified and counted. A total of 88 samples have been studied. The
fragmentation index is defined as the ratio of the number of fragments to the
number of whole specimen plus fragments. The fragmentation index is used as
a dissolution index (Thunell, 1976).
We carried out a cluster analysis on the percentages between species,
based on a Pearson correlation matrix. For these analysis we used the SYSTAT
program (Systat 5.2.1.; Wilkinson, 1989).
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Figure 4.1
Location of Core T89-40 and schematic representation of the main hydrographic
features (adapted from Lutjeharms and Meeuwis, 1987; Peterson and Stramma, 1991).
Light dotted area: region of maximum extension of upwelling filaments (Lutjeharms
and Stockton 1987), dark dotted area: Agulhas Current and Agulhas rings, STC:
Subtropical Convergence, BOC: Benguela Oceanic Current, BCC: Benguela Coastal
Current. Hatched areas: 1, Cunene-cell; 2, Namibia-cell; 3, Walvis Bay-cell; 4, Lüderitz-cell;
5, Namaque-cell; 6, Columbine-cell; 7, Peninsula-cell; 8, Agulhas-cell (after Lutjeharms
and Meeuwis, 1987). The bathymetry at 200 m and 3000 m (thin grey line) is shown.

Hydrography
The hydrography of the eastern South Atlantic is well described by
several authors (van Bennekom and Berger, 1984; Shannon, 1985; Duncombe
Rae, 1991; Peterson and Stramma, 1991; Lutjeharms, 1996) (Figure 4.1). The
region is largely influenced by the position of the South Atlantic subtropical
gyre and the oceanic branch of the Benguela Current, the eastern boundary
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Table 4.1
Age control points for the oxygenisotope curve of Core T89-40 (after
Imbrie et al., 1984).

Figure 4.2
Oxygen isotope depth profile of G. ruber
white (size fraction 250-350 μm) and
stratigraphic interpretation for Core T89-40.

current of this gyre. The prevailing winds in the region are the trade winds from
the south and southeast and result in coastal upwelling of cold, nutrient-rich
water. Near 30° S, most of the Benguela Current starts to turn toward the
northwest, the Benguela Oceanic Current (BOC). The rest continues to flow
northward along the coast as the Benguela Coastal Current (BCC). This flow is
influenced by wind stress and is topographically steered. It shows an
accelerated motion towards and across the Walvis Ridge gap, north of Valdivia
Bank (Nelson and Hutchings, 1983). The northward flowing BCC converges with
the warm southward flowing Angola Current (AC) at the Angola-Benguela
Front (ABF), a sharp thermal front with a narrow band of latitudes, between 14°
and 17°S (Shannon et al., 1987). The position of the ABF follows the meridional
movements of the South Atlantic subtropical atmospheric high pressure cell or
anticyclone (SAA) at a monthly time scale (Shannon et al., 1987; Jansen et al.,
1996). Much shorter variations, at a daily time scale and recorded by satellite
infrared thermometry, are not very well correlated with meridional movements
of the SAA. These infrared measurements, however, reflect the variability of the
radiation balance in the upper veneer of the ocean surface rather than rapid
north-south movements of the water masses (Kostianoy and Lutjeharms, 1999).
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Core

Latitude

Longitude

Reference

T89-40

21° 36' S

06° 47' E

this study

GeoB 1008

06° 35' S

10° 19' E

Jansen et al., 1996

T89-24

08° 55' S

12° 03' E

Jansen et al., 1996

T89-32

14° 58' S

10° 42' E

Jansen et al., 1996

GeoB 1706

19° 34' S

11° 11' E

Little et al., 1997

DSDP 532

19° 45' S

10° 31' E

Oberhänsli, 1991

GeoB 1028

20° 06' S

09° 11' E

Schmidt, 1992

GeoB 1031

21° 53' S

07° 06' E

Schmidt, 1992

GeoB 1032

22° 55' S

06° 02' E

Schmidt, 1992

GeoB 1711

23° 19' S

12° 23' E

Little et al., 1997

GeoB 1022

24° 02' S

05° 18' E

Schmidt, 1992

DSDP 525

29° 04' S

02° 59' E

Pflaumann, 1988

DSDP 528

28° 31' S

02° 19' E

Pflaumann, 1988

Table 4.2
Location of cores discussed in text.

Coastal upwelling takes place all along the coast of southwestern Africa.
Coastal upwelling is concentrated in 8 cells that show only limited change in
position (Lutjeharms and Meeuwis, 1987). Their upwelling intensity is related to
wind stress. The northern part of the Benguela upwelling system, north of 27°S,
is marked by intensive upwelling, especially during late winter and spring. The
southern part of the Benguela upwelling system is marked by upwelling of
cooler waters, due to advection of Antarctic Intermediate Water (AAIW) to the
South Atlantic Central Water, the source of upwelling waters. Here, the
maximum upwelling takes place during spring and summer (Dingle and
Nelson, 1993). Shoaling of the top of nutrient-rich AAIW influences the fertility
of the upwelling cells. It is strongest in the southern Benguela region where it
causes the highest nutrient levels (Dingle and Nelson, 1993). The most
extensive and coldest cell is the Lüderitz cell, at 25°S (Figure 4.1). The upwelled
waters penetrate far oceanwards (up to 1200 km) in filaments, cell 3 at Walvis
Bay (22°S) being the northernmost cell with filaments (Lutjeharms and
Meeuwis, 1987; Lutjeharms and Stockton, 1987; Lutjeharms et al., 1991). These
filaments may extend to the location of Core T89-40 (Lutjeharms and Stockton,
1987). The strength and position of the coastal upwelling off Namibia and the
subtropical gyre influence the seasonal variations in temperature and stability
of the surface waters over Walvis Ridge. During the late winter and spring, a
nearly homogenous water column develops due to westward advection of
cool, nutrient-rich waters from the coastal upwelling and filament region. The
highest surface water temperatures are reached during summer and autumn,
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induced by a more eastward location of the subtropical gyre. At the main
upwelling fronts mesoscale eddies occur. Eddies may increase the productivity
habitat by carrying nutrient-rich cells into the deep ocean (Lutjeharms and
Stockton, 1987). They are recorded upto 25°S (Witter and Gordon, 1999).
Unpublished data by De Ruijter and co-workers record the presence of eddies
up to the northern part of the Walvis Ridge, both nearshore and offshore.
Along the Atlantic coast of South Africa, strong equatorward shelf-edge
jets are formed, with an estimated average speed of about 60 cm.s-1. Although
the formation of these shelf-edge jets is as yet not well understood, there is
always a shoaling in isopycnals at the shelf break that produces an
exceptionally strong jet along the depth contours. Long-shore winds are
supposed to generate these baroclinic jets (Shannon and Nelson, 1996).
To balance the present-day world thermohaline circulation, significant
amounts of warm, salty Indian Ocean waters are transferred into the South
Atlantic through the leakage of Agulhas Current waters and formation of
Agulhas rings (Lutjeharms, 1996). These rings are formed by the interaction of
the Agulhas Current and the Subtropical Convergence (STC) where the Agulhas
Current retroflects back to the east. At the retroflection, Agulhas rings may
entrain filaments of subpolar water (Shannon et al., 1989).

Results
Cluster analysis
Cluster analysis of the downcore planktonic foraminiferal data yields 4
clusters (Figure 4.3). The clusters are based on a 5 % confidence interval. They
appear to reflect the modern distribution of planktonic foraminifera in the SE
Atlantic Ocean, except for one species, left-coiled N. pachyderma.
The species of the first cluster, Globigerinoides ruber white,
Globigerinoides sacculifer, Globigerinoides tenellus, Globorotalia menardii,
Globorotalia crassaformis and Globigerinella siphonifera, occur within and north
of the subtropical gyre as well as north of the Angola-Benguela Front, and
represent warm water conditions (Figure 4.4) (Bé and Tolderlund, 1971; van
Leeuwen, 1989; Schmidt, 1992; Giraudeau, 1993; Ufkes et al., 1998).
The cluster is associated with the left-coiled N. pachyderma, which
flourishes in cold, nutrient-rich waters of the coastal upwelling cells, especially
in the Southern Benguela region, and in the subpolar and polar waters south of
the Subtropical Convergence (Figure 4.4) (Bé and Tolderlund, 1971; Giraudeau,
1993; Ufkes and Zachariasse, 1993). Today, the species reaches the location of
Core T89-40 with the surface filaments.
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Figure 4.3
Dendrogram based on the foraminiferal percentages of the 16 most abundant species
in Core T89-40. On the right-hand side the significance levels of critical values for
correlation coefficients (r) are indicated.

The second cluster, Globorotalia inflata and right-coiled Globorotalia
truncatulinoides, represents the transition of the subtropical gyre and the
Benguela Oceanic Current (Bé and Tolderlund, 1971; van Leeuwen, 1989;
Schmidt, 1992; Giraudeau, 1993; Ufkes et al., 1998). This group is linked to the
subtropical group.
The third cluster, right-coiled N. pachyderma, Globigerina bulloides,
Globigerina quinqueloba and Globigerinita glutinata, reflects the northern
Benguela coastal upwelling cells and the filaments (Oberhänsli, 1991; Schmidt,
1992; Giraudeau, 1993; Ufkes and Zachariasse, 1993; Little et al., 1997). The
right-coiled N. pachyderma represent the more nutrient-rich coastal waters,
whereas G. bulloides is found further offshore in the less fertile and warmer
waters of the filaments (Figure 4.4) (Oberhänsli, 1991; Schmidt, 1992;
Giraudeau, 1993; Pflaumann et al., 1996). A study of living planktonic
foraminifera by Ufkes and Zachariasse, (1993) showed that the filaments were
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A - Schematic distribution map on the dominance of the key taxa (after Giraudeau,
1993; Little et al., 1997) and the subtropical species (after Ufkes et al., 1998; Schmidt,
1992; van Leeuwen,1989) as well as
B - Percentages of main planktonic foraminiferal species in surface water samples of
November 1989 along transect A-A' (Ufkes et al., 1998).
Redraw after original figure.

dominated (> 60 %) by right-coiled N. pachyderma and G. bulloides, while the
Walvis cell contained over 70 % of left-coiled N. pachyderma. These somewhat
deviating results were due to the unusually low sea surface temperatures
during their expedition, which were 1°C lower than on average (Shannon et al.,
1992). Globigerina glutinata, a cosmopolite (Bé and Tolderlund, 1971; van
Leeuwen, 1989), does not contribute to understanding the ecological niche of
this cluster.
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Figure 4.5
Oxygen isotope stratigraphy, fragmentation index and percentages of left-coiled
N. pachyderma and the four foraminiferal clusters in Core T89-40. Percentages of leftcoiled N. pachyderma over 6 % are depicted by small symbols: A-levels - open triangles;
B-levels - open circles; C-levels - solid dots.

The fourth cluster, left-coiled G. truncatulinoides, G. scitula and Orbulina
universa, reflects influences from the southern South Atlantic Current (Bé and
Tolderlund, 1971; van Leeuwen, 1989; Giraudeau, 1993) and may also reflect
coastal upwelling (Giraudeau, 1993). Both left-coiled G. truncatulinoides and
G. scitula are deep dwelling species with a southern origin. Left-coiled
G. truncatulinoides is mainly found offshore of the main Southern Benguela
upwelling cells (Giraudeau, 1993). Orbulina universa, as an indicator of strong
current systems, is recorded along the coast within the Benguela Current as
well as at the southern border of the subtropical gyre (Bé and Tolderlund, 1971;
van Leeuwen, 1989; Giraudeau, 1993).
Downcore distribution of left-coiled N. pachyderma
Left-coiled N. pachyderma generally occurs in percentages below 2 %
(Figure 4.5), but during several periods it reaches values over 6 %, with maxima
up to 38 %. Besides the most common modern polar and subpolar occurrences,
the species is only reported from eutrophic waters, we therefore, compared the
left-coiled N. pachyderma values with the contributions of the eutrophic cluster.
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Figure 4.6
Plot of the percentages of left-coiled N. pachyderma versus the eutrophic cluster. Alevels are indicated by open triangles, B-levels by open circles and C-levels by solid dots.
Thin grey lines at 6 and 20 % left-coiled N. pachyderma, and at 48 % eutrophic species
depict the boundaries between the various levels. Redrawn after original figure.

The comparison gave 3 groups of data points: A, B and C (Figure 4.6). The most
prominent group, of type C, is characterized by N. pachyderma (left) values over
20 % and lowered values of eutrophic species. Left-coiled N. pachyderma
predominates over the other eutrophic species. C-peaks are noticed during
Marine Isotopic Stage (MIS) 11.3 (maximum c. 401 ky) and MIS 9.3 (maximum at
326 ky). They are accompanied with maxima of the subtropical cluster that
culminated c. 8 ky earlier. The fragmentation index is low, which excludes
dissolution as a cause of these two peaks (Figure 4.5). Samples of type A are
marked by N. pachyderma (left) values over 6 % and over 48 % of eutrophic
species. These levels are recorded in MIS 11.0 (362 ky), MIS 5.4 (110 ky) and MIS
3 (53-43 ky) as well as at the end of MIS 10 at the base of the upper C-peak
(Figure 4.5). During MIS 3 it also co-occurs with elevated values of the southern
cluster. The B-samples are distinguished from the A-type levels by a reduction
of the eutrophic cluster to below 48 %. The B-levels are noticed during MIS 5
(129 and 92 ky) and on either side of the C-peaks (Figure 4.5). The first B-peak
(129 ky) also co-occurs with elevated numbers of subtropical species, whereas
the second one (92 ky) slightly lags a peak in subtropical species. B-levels at the
onset of C-peaks (409, 407 and 337 ky) coincide with high values, over 20 %, of
subtropical species.
The above peaks of left-coiled N. pachyderma are recorded in all
available cores from the eastern Walvis Ridge and the nearby African slope
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Figure 4.7
Core locations used for studying spatial distribution of left-coiled N. pachyderma peaks.
Transects a and b correspond to figures 8a and 8b respectively. Light dotted area: region
of maximum extension of upwelling filaments; hatched area: Angola-Benguela Front.

(Figures 4.7 and 4.8). The lower peak in Core GeoB 1031 (Schmidt, 1992; Wefer
et al., 1996) was originally placed at the base of MIS 7, but the stratigraphy of
the core has been revised and the peak actually represents MIS 9.3.

Discussion
Habitats for peaks of left-coiled N. pachyderma
A-type levels. The A-peaks of left-coiled N. pachyderma, co-occurring with
moderate to high percentages of the eutrophic group and low values of the
subtropical cluster, point to an increased influence of upwelling in the Northern
Benguela. The eutrophic species of group 3 are at least 3.5 times more
abundant than the southern species, which suggests that enhanced Northern
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Figure 4.8
Spatial distribution of left-coiled N. pachyderma, a) along the Walvis Ridge and b) along
a north-south transect. A-levels are indicated by open triangles, B-levels by open circles
and C-levels by solid dots. For locations of the cores see figure 4.7. Data of Core GeoB
1028, 1031, 1032 and 1220 are adapted from Schmidt (1992) and of Core GeoB 1706 and
1711 from Little and others (1997). The percentages refer to the fraction 150-600 μm,
except for Core GeoB 1706 and GeoB 1711 showing the fraction >125 μm. a: A-peaks in
Little and others (1997).
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Figure 4.9
Schematic representation of the supply of left-coiled N. pachyderma to the eastern Walvis
Ridge.
A - today (see also figure 4.1).
B - during the formation of the peaks of type A: 362, 110, and 53-43 ky BP.
C - during the formation of the peaks of type C: 405 and 326 ky BP.
ABF: Angola-Benguela Front; STC: Subtropical Convergence; BCC: Benguela Coastal
Current; BOC: Benguela Oceanic Current; Hatched areas: main upwelling cells.

Benguela upwelling is more important than the advection of cold water from
the south. The three A-peaks are also described for cores on top and south of
Walvis Ridge by Wefer and others (1996) (Figures 4.7 and 4.8a) who give the
same explanation: a stronger upwelling resulting in more nutrient-rich, cool
shelf waters that benefits left-coiled N. pachyderma in the Northern Benguela.
The A-peaks are attributed to a northward movement of the zone of maximum
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upwelling induced by a northward shift of the trade winds (Figure 4.9b). This
interpretation is corroborated by the coincident northward movements of the
Angola-Benguela Front (ABF) in MIS 3 and, possibly, MIS 5.4 (Jansen et al., 1996)
and in MIS 11.0 as reflected by the low temperatures over the northeastern
Walvis Ridge (Oberhänsli, 1991; Jansen et al., 1996). The present connection
between the positions of the ABF and the South Atlantic Subtropical
Anticyclone (SAA) (Shannon et al., 1987) suggests that the SAA had also moved
to the north during the formation of the A-peaks and, consequently, the
atmospheric circulation had intensified. Thus, stronger trade winds would have
also generated a further offshore penetration of upwelling waters and
associated filaments near Walvis Bay, as depicted in the westward extent of
peaks of left-coiled N. pachyderma (Figures 4.8a and 4.9b).
B-type levels. The B-peaks of left-coiled N. pachyderma at 129 and 92 ky,
associated with a moderate contribution of eutrophic species, occur during
(129 ky) or just after (92 ky) an increase in percentages of subtropical species.
Like the A-peaks, these peaks can be attributed to increased upwelling
intensity, although the upwelling waters may have been cooler and more
nutrient-rich than today, thus benefiting left-coiled N. pachyderma over the
eutrophic species right-coiled N. pachyderma and G. bulloides. The elevated
contribution of subtropical species, however, points to strong seasonal
contrasts between the winter upwelling and warm summer conditions. The Blevels to the flanks of the C-peaks will be discussed below.
C-type levels. In the modern tropical ocean, N. pachyderma (left) is always
reported together with both tropical and upwelling species (Schmidt, 1992;
Giraudeau, 1993; Ufkes and Zachariasse, 1993; Naidu and Malmgren, 1996;
Ufkes et al., 1998). The two C-peaks, therefore, cannot be explained by analogy
to any actual hydrographical setting. There are two possible causes for the
existence of N. pachyderma (left) in the C-peaks, local reproduction and
transport from elsewhere. Local reproduction requires local upwelling of very
eutrophic waters, which does not occur today over Walvis Ridge outside the
coastal region. We will, therefore, consider the various modes of upwelling as
described by Hay and Brock (1992) and their significance for the eastern Walvis
Ridge.
1- The position of the studied sediment core excludes modes of
upwelling related to the equatorial region, equatorial upwelling and Kelvin
waves, and upwelling at oceanic divergences driven by atmospheric
convergences like Intertropical Convergence Zone or the Antarctic Divergence.
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2- Bathymetry-driven upwelling results from the differential motion of a
current across shallower and deeper features. Near Core T89-40, however, the
top of Walvis Ridge (c. 2000 m) is too deep to interfere with the flow of the
surface mixed layer of the Benguela Oceanic Current. Moreover, the nearby
Walvis Ridge Abutment at 1200 m, does not produce upwelling today (Hay and
Brock, 1992).
3- Mesoscale eddies need to be cyclonic to bring nutrient-rich deep
water up into the mixed layer. The only cyclonic gyre known in the SE Atlantic is
centered at 13°S, 4°E, and is upto 2000 km across (Peterson and Stramma,
1991). This gyre, however, raises warm and highly saline South Equatorial
Counter Current and Equatorial Under Current water, which generates a N.
dutertrei-G. siphonifera assemblage (Ufkes et al., 1998). Even if the cyclonic gyre
would have shifted polewards concurrent with other frontal systems, it did not
produce left-coiled N. pachyderma.
4- Thermal domes, another mode bringing cold deep water closer to the
surface, are described as subcircular domes of the thermocline. They are
formed in the tropics and are centred at 10°N and 10°S in response to the
poleward deflection of the North and South Equatorial Counter Current as they
meet the eastern margin of the ocean basins. But the thermal domes, including
the Angola Dome in the South Atlantic, are steady at 10°N or 10°S. This is too far
away (1400 km) from the location of Core T89-40 to be responsible for the high
contents of N. pachyderma (left) in this core.
5- Current induced upwelling, causing bottom Ekman transport on to
the shelf, may force weak upwelling. This type of upwelling, also observed on
the southwestern African margin, only occurs in the presence of a shelf (Hay
and Brock, 1992). It is, therefore, insignificant of Core T89-40.
6- Divergence within ocean currents may result in productive upwelling.
In the Benguela Current system, divergence is indicated by Moroshkin and
others (1970). Divergence is generally related to wind stress. During the
formation of the C-peaks, however, the STC shifted poleward in the South
Atlantic and Indian Ocean sectors (Morley, 1989; Howard and Prell, 1992;
Niebler, 1995; Brathauer, 1996) and so did, most probably, the wind systems.
Consequently, the trade winds were weaker, which would have suppressed and
not strengthened the divergence in the BC.
We conclude that the six processes above are insignificant for the
location of Core T89-40. During the formation of the C-peaks, consequently,
left-coiled N. pachyderma, did not originate from local reproduction but from
the supply of expatriates.
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Sources of left-coiled N. pachyderma in C-peaks
The two C-peaks of left-coiled N. pachyderma do not originate from the
subpolar waters south of the Subtropical Convergence (STC). If so, high
percentages of the southern group would be expected as well as elevated
numbers of other subantarctic species, like G. quinqueloba and G. bulloides, (Bé
and Tolderlund, 1971), which is not the case. Moreover, peaks of left-coiled
N. pachyderma should be present in the DSDP Cores 525B, 528A (Table 4.2,
Figure 4.7) (Pflaumann, 1988), located between the STC and Core T89-40, and
this also did not happen. Finally, instead of moving northward, the STC had
shifted poleward in the South Atlantic and Indian Ocean sectors during these
periods (Morley, 1989; Howard and Prell, 1992; Niebler, 1995; Brathauer, 1996).
This leaves the Benguela upwelling cells as a possible source of
N. pachyderma (left) in the C-peaks (MIS 11.3 and 9.3). The peaks are attended
by very low percentages of the eutrophic group, including right-coiled
N. pachyderma. This indicates upwelling conditions like those in the current
southern Benguela region, with very nutrient-rich and cold surface waters. The
indication is corroborated by Oberhänsli (1991), who reported increased
productivity in the Northern Benguela from MIS 12 up to MIS 8. A possible
mechanism to increase the productivity of the upwelling is an increase in the
strength of the trade winds (Lutjeharms and Meeuwis, 1987). In the Northern
Benguela this was generally the case during northward shifts of the wind fields
(Lutjeharms and Meeuwis, 1987; Jansen et al., 1996). During the formation of
the C-peaks, however, the reverse happened: the STC and the associated
climatic belts shifted southward (Morley, 1989; Howard and Prell, 1992; Niebler,
1995; Brathauer, 1996). The more probable mechanism to increase the
productivity in the Benguela upwelling area is connected with a shallowing of
the top of nutrient-rich Antarctic Intermediate Water (AAIW) (Oberhänsli, 1991;
Dingle and Nelson, 1993).
Transport mechanisms of left-coiled N. pachyderma to the eastern Walvis Ridge
Filaments, Agulhas rings and eddies
The filaments probably did not transport the N. pachyderma shells 700
km offshore from the upwelling cell towards the location of Core T89-40, as is
indicated by the strong suppression of the eutrophic filament species at the
time of the C-peaks. Alternative mechanisms of transport are Agulhas rings and
local eddies. Today, Agulhas rings and eddies may entrain water from the
upwelling cells (Lutjeharms and Stockton, 1987; Duncombe Rae, 1991;
Shillington et al., 1992). The interaction between Agulhas rings and upwelling

99

Chapter 4

cells, however, only happens during northeastern bergwinds (Lutjeharms et al.,
1991), an infrequent occurrence that, moreover, is unfavourable to upwelling
(Nelson and Hutchings, 1983). Local eddies, spun off from the upwelling fronts,
are also able to entrain water from the upwelling cells (Lutjeharms and
Stockton, 1987). These eddies are observed far north up to the eastern Walvis
Ridge (De Ruijter, personal communication). Nevertheless, to produce the Cpeaks, the transport of left-coiled N. pachyderma should have increased by
about one order of magnitude. During the late Quaternary, however, the South
Atlantic surface circulation was in general quite similar to the actual circulation,
so it was most probably unable to produce 10 to 15 times more Agulhas rings
or eddies than today. Thus, an increased activity of Agulhas rings or local eddies
does not explain the C-peaks.
Shelf-edge jets
We propose that the N. pachyderma (left) in the C-peaks were
transported by shelf-edge jets, strong contour jets comparable to shelf-edge
jets that occur today along the South African Atlantic shelf upto 30°S. When
shelf-edge jets destabilize, they can form meanders extending hundreds of
kilometers into the open ocean (De Ruijter, pers.comm.). Local eddies in the
Benguela Current may entrain pieces of the meanders and thus will enhance
the westward transport. The shelf-edge jets may have transported the
upwelled waters without much admixture of the surrounding waters (Figure
4.9c). Similar jets off Cape Blanco, Oregon, form an important mechanism for
the transport of organisms across the continental margin to the deep ocean
(Barth and Smith, 1998).
The accompanying maxima of the subtropical group reflect the warming
of the subtropical gyre, strong poleward shifts of the SE Atlantic water masses
and the associated atmospheric high pressure cell (SAA). These shifts are
described by the meridional movements of the Subtropical Convergence (STC)
(Morley, 1989; Howard and Prell, 1992; Niebler, 1995; Brathauer, 1996) and the
ABF as inferred from the high temperatures over the northeastern Walvis Ridge
(Oberhänsli, 1991; Jansen et al., 1996). They are nearly in phase with the global
ice volume. Southern STC positions enhance the leakage of warm Agulhas
Current waters around South Africa, and a protrusion of Angola Current water
from the north. The southern positions of the SAA favour the zonal component
of the trade winds and Benguela Oceanic Current, thus enhance the westward
transport of N. pachyderma (left). Besides, this zonality is thought to greatly
depend on the intensity of the monsoon over equatorial Africa: minima in
boreal summer insolation (BSI) causing minima in the monsoon activity over
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Africa and zonally directed trade winds. The zonality of the trade winds shows a
strong 23-ky cyclicity that is almost in phase with BSI (Schneider et al., 1995).
Timing of events
The timing of the precessional movements of the atmospheric high
pressure cell (SAA) and trade-wind zonality supports our jet hypothesis. In the last
180 ky, the above shifts of frontal systems to the south preceded swings of the
Benguela Oceanic Current to zonal directions by 6.6 ky (Jansen et al., 1996). The
conditions for the formation of C-peaks were favourable only during MIS 11.3 and
9.3, when the Subtropical Convergence (STC) lay extremely south (Howard and
Prell, 1992) coincidentally with our peaks of subtropical species. The phase
relation between the SAA movements and trade-wind zonality predicts the
occurrence of westward transport of left-coiled N. pachyderma 6.6 ky later,
conformable to the observed time lag of c. 8 ky. The only comparable
oceanographic configuration within the last 420 ky occurred during early MIS 5,
when the STC had also moved far south although not as far as during MIS 11.3
and 9.3 (Howard and Prell, 1992; Brathauer, 1996). The precessional Boreal
Summer Insolation, however, was at a maximum 126 ky ago (Berger and Loutre,
1991), so the BOC and trade winds had a meridional direction. This suppressed
the development of the oceanward transport, and a B-type peak of left-coiled
N. pachyderma formed at that time instead of a C-peak. The same astronomical
configuration, with maxima in BSI at 408 and 333 ky, caused the formation of Btype levels at the onsets of the two C-peaks.

Conclusions
(1) The planktonic foraminifera associations in Core T89-40 are composed
of four clusters representing 1) the warm subtropical gyre, 2) the Benguela
Oceanic Current, 3) the eutrophic waters of the coastal upwelling and 4) the cold
South Atlantic Current. Besides, large abundances of left-coiled N. pachyderma
occur. Today, the species is present in the cold, nutrient-rich upwelling cells,
particularly in the Southern Benguela region, and south of the Subtropical
Convergence (STC).
(2) Neogloboquadrina pachyderma (left) displays several peaks over 6 %
during the last 420 ky, consisting of three type of levels, A, B and C. The A-levels
are accompanied with over 48 % of eutrophic species. They are recorded in MIS
11.0 (362 ky), MIS 5.4 (110 ky) and MIS 3 (53-43 ky), and at the end of MIS 10 (342
ky). The B-levels co-occur with less than 48 % of the eutrophic cluster and cooccur also with increased numbers of subtropical species. B-peaks are recorded in
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MIS 5 (129 and 92 ky), the latter slightly lagging a peak in subtropical species.
Other B-levels occur at the flanks of the two C-peaks. The highest peaks are of
type C, up to 38 % left-coiled N. pachyderma. They co-occur with a strong
reduction of eutrophic species, and are recorded in MIS 11.3 (maximum c. 401 ky)
and 9.3 (maximum at 326 ky). They are accompanied with increased percentages
of subtropical species, and lag the maxima of the subtropical cluster by c. 8 ky. The
peaks of left-coiled N. pachyderma are recorded in all available cores from the
eastern Walvis Ridge and the nearby African slope.
(3) The A-peaks are attributed to intensified upwelling in the Northern
Benguela due to stronger and northward shifted trade winds. The B-peaks also
indicate intensified upwelling in the Northern Benguela cells. Moreover, they
reflect increased seasonal contrasts between the winter upwelling and the
subtropical conditions during the summer.
(4) The C-peaks do not appear to result from local reproduction, but are
interpreted as faunas expatriated from nearby upwelling cells, particularly the
Northern Benguela. Here increased productivity and cooling, due to shoaling of
the Antarctic Intermediate Water, produced a mono-specific N. pachyderma (left)
fauna. This happened when the surface water masses and fronts had shifted far
south, the maximum shifts occurring coincident with minimum global ice volume
in MIS 11.3 and 9.3. The upwelling fauna must have been rapidly transported 700
km offshore from the nearest Lüderitz cell to the location of Core T89-40,
undiluted with eutrophic species from the surrounding waters and filaments.
(5) We propose meandering shelf-edge jets, strong contour jets, as a
mechanism for the above transport, supported by eddies riding on a more zonal
Benguela Oceanic Current than is acting today. These strongly defined jets are
unadmixed with surrounding water, and have a local character.
(6) The timing of the two C-peaks and associated peaks of subtropical
species supports the shelf-edge jet hypothesis. It agrees well with the known
precessional cyclicity of the above front movements and zonality of the trade
winds, maximum zonality being in phase with minimum Boreal Summer
Insolation and following the southernmost positions of the fronts by 6.6 ky. In
Core T89-40, the observed lag is c. 8 ky. Within the last 420 ky, the STC had also
moved far south only during MIS 5.5. The precessional BSI, however, was at a
maximum at that time. So the trade winds had a meridional direction, which
suppressed the oceanward transport of upwelled water. Instead, a B-type peak of
left-coiled N. pachyderma formed.
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Appendix A - Taxonomic reference list
Globigerina bulloides d'Orbigny, 1826; Kennett and Srinivasan, 1983, pl. 6, figs. 4-6; van Leeuwen,
1989, pl. 1, figs. 1-3.
Globigerina quinqueloba Natland, 1938; Kennett and Srinivasan, 1983, pl. 5, figs. 4-6.
Globigerinella siphonifera (d'Orbigny) = Globigerina siphonifera d'Orbigny, 1839; Kennett and
Srinivasan, 1983, pl. 60, figs. 4-6; van Leeuwen, 1989, pl. 1, figs. 7-8. Globigerinella
aequilateralis (Brady) can be considered as a junior synonym of G. siphonifera.
Orbulina universa d'Orbigny, 1839; van Leeuwen, 1989, pl. 1, figs. 1-3.
Globigerinita glutinata Egger, 1893; Kennett and Srinivasan, 1983, pl. 56, figs. 3-5; van Leeuwen,
1989, pl. 1, fig. 9.
Globigerinoides ruber (d'Orbigny) = Globigerina rubra d'Orbigny, 1839; Kennett and Srinivasan,
1983, pl. 17, figs. 1-3; van Leeuwen, 1989, pl. 2, figs. 1-2. Specimens with at least one pink
chamber were classified as pink varieties. Pink and white varieties have been taken
separately in the quantitative analyses.
Globigerinoides sacculifer (Brady) = Globigerina sacculifer Brady, 1877; Kennett and Srinivasan, 1983,
pl. 14, figs. 4-6; pl. 13, figs. 1-3; van Leeuwen, 1989, pl. 2, fig. 4. Included are specimens
without a sacc-like chamber (Globigerinoides trilobus (Reuss) = Globigerina trilobus Reuss,
1850).
Globigerinoides tenellus Parker, 1958 = Kennett and Srinivasan, 1983, pl. 17, figs. 7-9.
Globorotalia menardii (d'Orbigny) = Rotalia menardii d'Orbigny, 1826; Kennett and Srinivasan, 1983,
pl. 29, figs. 1-3; van Leeuwen, 1989, pl. 4, figs. 1, 4. Globorotalia menardii and G. tumida were
lumped together.
Globorotalia tumida (Brady) = Pulvinulina menardii (d'Orbigny) var. tumida Brady, 1877; Kennett and
Srinivasan, 1983, pl. 38, figs. 4-6; van Leeuwen, 1989, pl. 4, figs. 2, 5.
Globorotalia scitula (Brady) = Pulvinulina scitula Brady, 1881; Kennett and Srinivasan, 1983, pl. 31,
figs. 3-5; van Leeuwen, 1989, pl. 3, figs. 7-9.
Globorotalia inflata (d'Orbigny) = Globigerina inflata d'Orbigny, 1839; Kennett and Srinivasan, 1983,
pl. 27, figs. 7-9; van Leeuwen, 1989, pl. 3, figs. 4-6.
Globorotalia crassaformis (Galloway and Wissler) = Globigerina crassaformis Galloway and Wissler,
1927; Kennett and Srinivasan, 1983, pl. 34, figs. 7-9; van Leeuwen, 1989, pl. 2, figs. 7-9.
Globorotalia truncatulinoides (d'Orbigny) = Rotalia truncatulinoides d'Orbigny, 1839; Kennett and
Srinivasan, 1983, pl. 35, figs. 4-6; van Leeuwen, 1989, pl. 4, figs. 7-9. Dextral and sinistral
forms have been taken separately in the quantitative analyses.
Orbulina universa d'Orbigny, 1839; van Leeuwen, 1989, pl. 6, fig. 6.
Neogloboquadrinids. The discrimination between the species Neogloboquadrina dutertrei and N.
pachyderma follows Martin and others (pers. comm. Brown University, August 1993). A
tooth and a loosely coiled test with 5 or more chambers, which show a strong increase in
chamber size and are separated by distinct incised sutures, characterize N. dutertrei. It
tends to have a deep, open and enlarged aperture and an open umbilicus.
Neogloboquadrina pachyderma lacks a tooth and tends to have a compact test with
generally less than 5 chambers, which only show a small increase in size and are separated
by less distinct sutures. It tends to have a slit-like aperture and a narrow open umbilicus.
Neogloboquadrina pachyderma (Ehrenberg) = Aristerospira pachyderma Ehrenberg, 1861; van
Leeuwen, 1989, pl. 5, figs. 1-4; pl. 5, figs. 5-8; Ufkes and Zachariasse, 1993, pl. 1, figs.1-4, pl.
1, figs. 5-7. Dextral and sinistral forms have been taken separately in the quantitative
analyses.
Neogloboquadrina dutertrei (d'Orbigny) = Globigerina dutertrei d'Orbigny, 1839; van Leeuwen,
1989, pl. 5, figs. 9-10; pl. 5, figs. 1-2.
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Appendix B - Overview of the plankton-pump samples
Date (day/month), time interval (1: 00.00 - 07.30 h; 2: 08.00 - 15.30 h; 3: 16.00 - 23.30 h), start and
end positions, volume of filtered seawater, concentration of planktonic foraminifera.
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Appendix B
(continued)
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Appendix C - Overview of the vertical plankton-net samples
Date (day/month), time, position, towing speed (two-way travel time in seconds) and
concentration of planktonic foraminifera (m-3).
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Appendices

Appendix D - Surface water properties, wind direction and wind speed, observed during the
expedition
The following parameters are listed: sample numbers, foraminiferal assemblage, sea surface
temperature, salinity, nitrate-, phosphate-, silicate-concentrations, depth of the thermocline (Van
Bennekom, unpubl. results) and the lunar cycle (FQ=first quarter, FM=full moon, LQ=last quarter,
NM=new moon).
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Appendix D
(continued)
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Appendix E - Percentages of planktonic foraminifera in the net samples
(rw=G. ruber white, rp=G. ruber pink, sacc=G. sacculifer, bull=G. bulloides, orb=O. universa, glut=G.
glutinata, siph=G. siphonifera, infl=G. inflata, men=G. menardii, dut=N. dutertrei, pachd=N.
pachyderma right, pachs=N. pachyderma left, rest=total percentages of omitted species).
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Appendices

Appendix F - Percentages of planktonic foraminifera in the pump samples
Abbreviations as in Appendix E.
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