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Introduction

1. Background

In the nineties, research o f the Greenland ice cores 
in the North A tlantic showed tha t climatic variations 
at millennial-scale frequencies occurred much more 
rapid than previously thought (Bond et al., 1992; 
1997; Dansgaard et al., 1993). Cold millennial-scale 
cycles or stadials (e.g. Heinrich Events) and warm m il­
lennial-scale cycles or interstadials were identified in 
a w ide range o f locations. The warm interstadials are 
also called Dansgaard-Oeschger (D/O) events and 
are the most pronounced climate changes tha t have 
occurred during the past 120 kyr. In the Greenland 
ice cores, D/O events start w ith  a rapid warm ing by 
5 -10  °C w ith in  at most a few decades, fo llowed by 
a plateau phase w ith  slow cooling lasting fo r several 
centuries, fo llowed by then a more rapid drop 
back to  cold stadial conditions (Figure 1). Alley et al. 
(2001) have shown tha t these events appear fo llow  
each o ther every 1500 years, w ith  fu rthe r prefer­
ences around 3000 and 4500 years, which suggests a 
process o f stochastic resonance.

Several ideas, or the combination o f these ideas, 
have been proposed to explain D/O events. The first 
is the idea o f therm ohaline circulation bistability 
(Broecker et al., 1985), which proposes tw o  stable 
states w ith  active therm ohaline circulation during 
warm phases and a shutdown during stadials. This 
theory does not explain the observed active circula­
tion during stadials (Sarnthein et al., 1994; Yu et al.,
1996) and the shutdown only during or after Heinrich 
events (Keigwin et al., 1994b; Elliot et al., 2002). The 
second idea is the so-called "salt oscilla tor" (Broecker 
e t al., 1990) and is based on the notion tha t the 
A tlantic therm ohaline circulation balances the net at­
mospheric freshwater export from  the Atlantic basin. 
A weakening o f the circulation would thus lead to  a 
salinity build-up in the Atlantic, strengthening the cir­
culation again. A th ird  idea is tha t o f latitude shifts 
o f the convection between Nordic Seas and the m id­
latitude open Atlantic Ocean (Rahmsdorf, 1994). In 
this mechanism, the rapid warm ing phase results 
from  a northward intrusion o f warm Atlantic waters 
into the Nordic Seas, the plateau phase is the 'warm

Time (kyr ago)

Figure 1 Temperature reconstructions from  ocean sediments and Greenland ice. Proxy data from  the  subtropical A tlantic (green) and from  the 
Greenland ice core (GISP2) show several Dansgaard-Oeschger (D/O) warm events (numbered). The tim ing o f Heinrich events is marked in red. 

Grey intervals o f 1,470 years illustrate the tendency o f D/O events to  occur w ith  this spacing, or multiples thereof. (Rahmsdorf, 2002).
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Figure 2 Major fluctuations o f the Intertropical Convergence Zone (ITCZ) (green) and the North Atlantic Oscillation (NAO) (red) over the 
studied areas. In July, the ITCZ shifts north bringing increased rainfall over the Cariaco Basin, whilst in January the ITCZ shifts south and induces 
increased trade wind activity. During positive NAO years, cool and dry conditions develop over the Gulf o f Cádiz, whilst during negative NAO 

years warm and wet conditions are expressed over the Gulf o f Cádiz (modified after Visbeck 2002).

mode' o f A tlantic Ocean circulation, which gradually 
weakens over several centuries, and the final cooling 
phase marks the end o f deepwater form ation in the 
Nordic Seas. The exact nature o f the trigger remains 
unknown.—  Finally, the tropical driver hypothesis 
(Clement and Cane, 1999; Cane and Clement, 1999) 
does not involve changes in therm ohaline circulation,

but suggests tha t D/O-style tem perature shifts in 
Greenland may be caused by shifts in the atmospher­
ic planetary-wave pattern, controlled rem otely from 
the tropics. This is based on the strong control tha t 
tropical sea surface tem peratures exert over global 
atmospheric heat-transport patterns in present 
climate, but a more specific and quantitative expia-
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nation fo r D/O events building on this idea is yet to  
emerge.

A second major type o f climatic event tha t occurred 
mostly in the latter half o f the last glacial are Heinrich 
Events (for a review, see Hemming, 2004). These are 
characterized by distinct layers (so-called Heinrich 
layers) deposited by icebergs in North Atlantic 
sediments, spaced at intervals o f 7,000 years w ith 
a duration o f 500 ± 250 calender years (Hemming, 
2004; González et al., 2008). Sediments in these 
layers are coarse-grained since they are transported 
out into the ocean by icebergs; hence, are referred 
to  as ice-rafted debris. Heinrich events are massive 
episodic iceberg discharges from  the Laurentide ice 
sheet through Hudson Strait. Sediment data (e.g. 
Keigwin et al., 1994a; Elliot et al., 2002) and models 
(e.g. Manabe and Stouffer, 1995) show tha t NADW 
form ation ceased or was at least strongly reduced 
during Heinrich events.

D/O and Heinrich events are not unrelated: 
each Heinrich event is fo llowed by a particular warm 
D/O event and successive D/O events get progres­
sively cooler until the next Heinrich events (called a 
Bond cycle). This could simply be a consequence o f 
the Laurentide ice sheet growing gradually in height 
between Heinrich events. Also, Heinrich events ap­
parently always occur during cold stadials and not 
in the warm phase o f D/O events. This suggests that 
ice-sheet instability does not occur at random, but is 
helped by some climatic trigger -  possibly a tem pera­
ture  or sea-level change. This trigger mechanism is 
still one open a research question.

2. Goal

Research demonstrated whas shown tha t these 
rapid oscillationsD/O events have a global signature 
(e.g. Peterson et al., 2000a; Voelker, 2002), which 
suggests links between climates o f high and low 
latitudes (Goni et al., 2006; Dean et al., 2007). These 
links have still not been clearly elucidated, and there 
is an urgent need to  resolve how these regions 
interact. More recently, research showed that 
changes w ith in  the hydrological cycle, as reflected 
by changes between precipitation and w ind strength, 
leave a strong paleoclimatological im prin t in hemipe-

lagic sediments in lower latitudes, including tropical 
regions (Clement and Peterson, 2008). These hy­
drological cycles can be linked to climatological 
phenomena such as the migrations o f the in te rtrop i­
cal convergence zone (ITCZ) (Peterson et al., 2000a; 
Haug et al., 2001) or the North Atlantic Oscilla­
tion (NAO) (M oreno et al., 2005). Changes in these 
phenomena have potential to  am plify and perpetu­
ate millennial-scale climate changes through green­
house gas feedbacks and generation o f atmospheric 
dust (Ivanochko et al., 2005).

Two locations were chosen fo r a detailed study 
o f hydrological millennial-scale cycles during Late 
Quaternary times: the Cariaco Basin, an anoxic 
basin offshore Venezuela and the Southern Gulf o f 
Cádiz, offshore Morrocco (Figure 2). Both sites have 
sim ilar depths, contain hemipelagic sediments and 
the paleoclimatological records in both areas can be 
related to  changes o f the hydrological cycle (Haug et 
al., 2001; Peterson et al., 2000a; M arret and Turon, 
1994; Moreno et al., 2004). The goal o f this study 
is to improve our knowledge o f these hydrological 
cycles in both study areas (see §2) using a m ultiproxy 
approach i.e., w ith  a w ide range o f study tools (see 
§3).

3. Study areas and env ironm en­
tal sett ings

3.1 Cariaco Basin

The Cariaco Basin is a small east-west trending pull- 
apart basin o f Quaternary age (Schubert, 1982) on the 
continental shelf o f Venezuela (Figure 3). The basin 
actually consists o f tw o sub-basins, each reaching 
depths o f ~1400 m, separated by a central saddle tha t 
shoals to  ~900 m. The high oxygen demands, created 
by upwelling-induced surface productivity, and a 
strong pycnocline which lim its vertical exchange, 
leads to the present-day anoxic and sulphidic con­
ditions below a depth o f 300 m (Richards, 1975; 
Peterson et al., 1991) and deposition o f hemipelagic 
sediments w ith  high sedimentation rates (300 to 
>1000 m /m a) (Peterson et al., 2000b). The region is 
influenced by migrations o f the intertropical conver­
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Figure 3 Location o f the Cariaco Basin, consisting o f tw o sub-basins separated by a saddle. 
The studied cores are indicated (ODP Hole 1002C and PL07-39PC).

gence zone (ITCZ), which cause seasonal variations in 
the strength o f the northeastern trade winds (Figure 
2) (Muller-Karger and Aparicio-Castro, 1994). During 
w in te r and early spring (January to  March), the ITCZ 
is at its southernmost position and strong trade 
winds blow along the coast of Venezuela, causing 
upwelling o f nutrient-rich water. The phytoplank­
ton exploits this resource and during January and 
February prim ary production rates and carbonate 
and opal fluxes are at a maximum (Peterson et al., 
1991). During this period diatoms dominate the 
phytoplankton (Ferraz-Reyes, 1983). Beginning from  
about June or July, when the ITCZ migrates north to  a 
position near the Venezuelan coast, the trade winds 
weaken markedly and primary production rates fall 
to  a m inim um (Muller-Karger et al., 2004). As the 
upwelling subsides, the northward migration of the 
ITCZ brings its associated rainbelt above the Cariaco 
Basin, causing increased fluvial discharge from  rivers. 
No large rivers currently discharge into the basin, but 
in fo rm er times fluvial input was more im portant

(Peterson et al., 2000b). During this season, primary 
production is dominated by cyanobacteria, d inofla- 
gellates (Ferraz-Reyes, 1983) and haptophytes (Goni 
et al., 2003). As an analogue to  the seasonal migra­
tions o f the ITCZ, longer term  (orbital-scale, m illen­
nial-scale) changes in the mean position o f the ITCZ 
have been proposed as a mechanism linking northern 
high latitude and tropical climates (Peterson and 
Haug, 2006; Dean, 2006).

3.2 Southern Gulf o f Cádiz

The Gulf o f Cádiz is located in the NE Atlantic 
between the Iberian Peninsula and Morocco, west of 
the narrow Strait o f G ibraltar (Figure 4). In the east, 
the Gulf o f Cádiz is connected w ith the M editerra­
nean Sea, in the west w ith  the open Atlantic Ocean. 
Current circulation patterns in the Gulf o f Cádiz are 
characterised by a dynamic oceanographic setting, 
controlled by exchanges o f w ater masses through the 
Strait o f Gibraltar. The climatological regime in the
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Figure 4 Location o fth e  Gulf o f Cadiz connected to  the Mediterranean through the  narrow Strait o f Gibraltar and bounded by Iberian Peninsula 
and Morocco. GeoB9064: studied core. Arrows mark the  flow  o fth e  Azores current.

Gulf o f Cádiz is typical fo r the Mediterranean region, 
and is called the "M editerranean regime", switching 
between dry summer and w et w in te r seasons (Hsu 
and Wallace, 1976). Over the past decades, changes 
in this regime in southern Europe can be related 
to  changes in the North A tlantic Oscillation (NAO) 
(Hurrell, 1995). The NAO is a fluctuation in atm o­
spheric pressure between a subpolar low-pressure 
center near Iceland and a high-pressure center in 
the Azores-Gibraltar region; it is most pronounced 
during w in te r times. When the NAO is in a positive 
phase, low-pressure anomalies over the Icelandic 
region and th roughout the Arctic combine w ith  high- 
pressure anomalies across the subtropical A tlantic to  
produce stronger than at average westerlies across 
the m idlatitudes. Conversely, when the gradient is 
reduced or even reversed, w ith  high pressure near to 
Iceland and low pressure near the Azores, the index 
is negative.

During a positive NAO, climatic conditions are 
colder and drier than average due to  westerlies

blowing over the northwestern A tlantic and M editer­
ranean regions, w hile in northern Europe ereas condi­
tions are w arm er and w ette r than at average. During 
a negative NAO, the reverse pattern often results in 
a blocking anticyclone over Iceland or Scandinavia 
which pulls arctic air down into northern Europe; it 
results in a w arm er tem peratures and higher precipi­
ta tion in the Mediterranean.

The NAO has varied in strength over decades, w ith 
persistent positive years in the early 1900s, numerous 
negative years in the 1960s and 1970s, and a large 
and persistent strengthening during the 1980s and 
early 1990s (Hurrell, 1995). These variations are 
observed over longer time-scales in the M editerra­
nean: on centennial (Luterbacher and Xoplaki, 2003) 
to  m illennial time-scales i.e., D/O cycles (M oreno et 
al., 2002, 2004, 2005)

11
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coccolith (Bown, 1998).

4. Tools

The determ ination of past sea surface conditions 
is o f prim ary importance fo r the reconstruction o f 
climatic changes. Planktonic organisms, such as coc- 
colithophores and dinoflagellates, register these 
conditions and are thus very sensitive recorders 
of climate change (e.g. Hays et al., 2005). Their as­
semblage and morphological changes can be consid­
ered as extremely useful for the elucidation o f past 
climate variations in terms o f productivity changes 
and other sea surface conditions such as sea surface 
tem peratures (SST) and sea surface salinities (SSS). 
Geochemical analysis can be used to  make similar, 
but independent reconstructions. This is im portant, 
since d ifferent proxies yield inconsistent results and 
climate models largely rely on accurate estimations 
of the ocean environmental parameters, such as 
palaeotemperature. Additionally, sedimentological 
proxies such as grain size analysis are im portant to  
in terpret the underlying sedimentological fram ework; 
they help fo r example to  trace nutrien t sources (river- 
or upwelling-induced mechanisms).

4.1 Coccoliths

Coccolithophores are small (2-25 pm) unicellular 
algae tha t belong to  the phylum Haptophyta and the 
division Prymnesiophyceae (Jordan and Chamberlain,
1997). They constitute one o f the major plankton

groups and are preserved as coccoliths1 in marine 
sediments (Baumann et al., 2005). They are the  most 
im portant pelagic calcifying organisms in the modern 
ocean (Baumann et al., 2004). Coccolithophores 
have recently gained increased attention as they play 
a unique role in the global carbon cycle, more specifi­
cally in the carbon and carbonate pump (Westbroek 
et al., 1993). Coccoliths can be divided into tw o  main 
types: holococcoliths consisting o f rhombohedral or 
hexagonal microcrystals identical in size and shape, 
while heterococcoliths are composed o f crystals o f 
d ifferent shapes and sizes (Young et al., 1997) (Figure 
5). The taxonomy o f coccolithophores is based on 
the morphology o f the coccoliths tha t cover the ir 
cells. Modern coccolithophore taxonomy defines 
approximately 200 species (Young et al., 2003), but 
the discovery o f pseudo-cryptic spéciation has chal­
lenged species concepts (Sáez et al., 2003; Geisen 
et al., 2004). M ost species produce characteristic 
holococcoliths during the haploid phase o f the ir life­
cycle and heterococcoliths during the diploid phase 
(Geisen et al., 2004), as evidenced from combination 
coccospheres (Cros et al., 2000). Although heterococ­
coliths are more robust than holococcoliths, not all 
heterococcoliths are regularly recorded in fossil as­
semblages. Delicate structures such as spines, tubular 
processes and th in walls are often broken during the 
sedimentation process. Therefore, placoliths, robust 
double-shielded interlocking coccoliths composed 
o f wedge-shape elements, are most comm only 
preserved (Jordan et al., 2002).

Various environmental parameters w ith in  the 
water column affect the coccolithophore com­
munities: water tem perature, salinity, macro- and 
m icronutrients, light penetration, turbulence, w ater 
depth, toxins and grazing pressure (Jordan, 2002; 
Baumann et al., 2005). This causes individual species 
to  occur typically in particular biogeographical zones: 
Subarctic, Temperate, Subtropical, Tropical and Sub- 
antarctic (W inter and Siesser, 1994). These biogeo­
graphical d istribution patterns are reflected in the 
surface sediments thanks to protected and accelerat­
ed sedimentation in faecal pellets or in marine snow

1 Sometímesthe term nannofossils is used. The term nannofossils includes both coccoliths 
and nannofossils s.s., which may be unrelated but are both composed of calcite. Most 
Quaternary nannofossils are coccoliths.
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Figure 6 Comparison o f basic morphological features o f dinoflagellate motiles and cysts (Dale and Dale, 2002).

(Baum ann et al., 1999, 2005). The s trong  link to  th e  

env ironm en ta l param eters causes cocco lithophores 
to  react rap id ly  to  c lim ate  change, such as th e  El 

N iño S outhern O scilla tion (ENSO) (Ziveri and Thunell, 

2000; De Bernardi e t al., 2005) w h ich  makes the m  

exce llent pa laeoceanograph ic too ls  (e.g. Rogalla and 

A nd ru le it, 2005; Á lvarez e t al., 2004; K ram m er e t al., 

2006; Bollm ann and Herrie, 2007). M oreover, cocco­

lith op ho re s  have a con tinuous fossil record from  th e ir  

firs t occurrence in the  Late Triassic to  the  present day 

(Bown e t al., 2004), m aking them  very useful b ios tra ti- 

graph ic too ls  (Perch-N ielsen, 1985; Bown, 1998).

4.2 Dinoflagellate cysts

Dinoflage lla tes are eukaryo tic , single-celled 

organism s in w h ich the  m o tile  cell possesses tw o  

flagella and a un ique type o f nucleus -  the  d inokary- 

on. Based on these characteristics, they  are classified 

in the  d iv is ion D inoflage lla ta  (Fensome e t al., 1993).

D inoflage lla te  cysts are the  hypnozygotes produced 

by p lankton ic  d ino flage lla tes during  the  sexual phase 

o f th e  life cycle2, and are fossil izable if  the wall exists 

o f a resistant substance such as d ino spo rin3, calcium  

carbonate o r silica. Cysts are fo rm ed  w ith in  the  thecal 

plates o f the  m o tile  stage, w h ich  som etim es results 

in the  re flec tion  o f the  m orpho log ica l fea tu res o f the  

m o tile  fo rm 4 (Figure 6). The id en tifica tion  crite ria  

o f the  cyst are the  fu rrow s  housing the  flagella 

(c ingu lum  and sulcus), plate patte rns, o rn am e n ta tio n  

and the excystm ent open ing o r archaeopyle. The 

la tte r is th e  open ing th rough  w h ich the new m otile  

stage exits (Dale and Dale, 2002). M ost o f the cysts 

serve as a ben th ic  resting stage o f w h ich the  cells are 

filled  w ith  food-storage products  and are enclosed in

2 Approximately 10 % of the around 2000 marine dinoflagellate species produce cysts 
(Dale, 2001).
3 A macromolecuiar, highly resistant organic compound forming, or partly forming, the 
enclosing wall of fossil iza ble dinoflagellate cysts, comparable to  sporopollenin (Fensome 
et al., 1993).
4 Difficulties to link dinoflagellates to their cysts results in separate taxonomies.

13



- INTRODUCTION -

a protective cell wall (Dale, 2001). A fter a mandatory 
resting period, motiles excyst out o f the "seed bed" 
(Anderson and Morel, 1979).

Dinoflagellates have a long ranging geological 
record. Geochemically detected biomarkers suggest 
ancestors were already present in the Early Cambrian 
(Moldowan and Talyzina, 1998). The fossil record is 
continuous from  the Triassic to  the present (MacRae 
et al., 1996). Additionally, the wide geographical 
d istribution and rapid diversification o f dinoflagellate 
cysts enables extensive biostratigraphic zonations

ronmental parameters such as tem perature, salinity 
and nutrien t content (Dale, 1996; Dale and Dale, 
2002). Despite possible problems w ith preservation 
(Zonneveld et al., 2007; 2008) and transport (Dale 
and Dale, 2002), dinoflagellate cysts are considered to 
be useful tools for the reconstruction o f Late Quater­
nary palaeoenvironments using a classical approach 
based on assemblage changes (e.g. Reichart and 
Brinkhuis, 2003; Pospelova et al., 2006; Kawamura 
et al., 2006; Mudie et al., 2007; Head, 2007) or via 
the use o f transfer functions (de Vernal et al., 2001;

Figure 7 The tw o most abundant alkenones (C37.2 and C37.3) used in determ ination o fth e  water temperature.

(e.g. Stover et al., 1996; De Schepper and Head, 2008), 
useful amongst others in hydrocarbon exploration.

Dinoflagellates occur in most aqueous environ­
ments and exhibit w ide diverging feeding strategies 
including autotrophy, phagotrophy, symbiosis, para­
sitism and m ixotrophy (Fensome et al., 1993), the 
latter being more frequently observed in cultures 
(Jeong et al., 2005). Together w ith o ther primary 
producers such as diatoms and coccolithophores, 
they play an im portant role in the global carbon cycle 
(Brasier, 1985). They can form  toxic blooms known 
as 'harm ful algal blooms' (HABs)5 (Anderson, 1997). 
These HABs often cause large-scale marine m orta lity 
and are associated w ith  various types o f shellfish 
poisoning (e.g. Cembella et al., 2002; Landsberg, 
2002), w ith  im portant economic impacts (e.g. Bush- 
aw-Newton and Sellner, 1999). Global climate change 
may increase the number o f HABs (Dale et al., 2006).

Changes in both the assemblage composition 
and the m orphology are related to  changes in envi-

5 Sometimes called 'red tides', but Harmful Algal Blooms is preferred since they are 
always harmful, do not necessarily cause discoloration of the water and are never 
associated with tides.

2005; de Vernal and M arret, 2007). Additionally, d i­
noflagellate cysts prove to  be useful to  detect past 
eutrophication (Dale, 2009).

4.3 Geochemical analysis

Biomarkers are organic molecules which indicate 
the presence o f living organisms. Two complex 
molecules, alkenones and Glycerol Dialkyl Glycerol 
Tetraethers (GDGTs), are applied in proxies.

Alkenones are long-chain (C37-C39) unsaturated 
ketones (Figure 7), found as highly resistant organic 
compounds in the membranes o f haptophytes. They 
are well-preserved in the sediments and are used to 
reconstruct productiv ity variations (e.g. Schulte and 
Müller, 2001; Knies, 2005). More extraordinary, the 
ambient w ater tem perature in which an organism 
dw elt can be estimated from  the ratio o f its unsatu­
rated alkenones preserved in the sediments. The Un- 
saturation Index o f "d i" versus " tr i"  unsaturated C37 
alkenones is defined as follows (Prahl and Wakeham, 
1987):

UK' =[C ]/[C  +C 1
37 L 37:2J /  L 37:2 37:3J
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The Unsaturation Index can be used to  estimate 
the water tem perature according to  the global core 
top calibration o f M üller et al.(1998), valid between 
60°N and 60°S:

7l°C) ( ^ ” -0.044) 
0.033

The fact tha t UK'37 can be used to  reconstruct 
annual mean tem perature is enigmatic, given the 
strong seasonality in coccolithophore production: 
coccolithophore production is highest during colder 
seasons in tropical and subtropical environments, and 
during warm er seasons in higher latitudes (Bijma et 
al., 2001). Despite possible drawbacks o f the method, 
such as degradation (Hoefs et al., 1998; Rontani et 
al., 2008), lateral transport (M ollenhauer et al., 2005; 
2008) and problems in certain areas such as the 
polar oceans (e.g. Sikes and Volkman, 1993), recon­
struction o f annual sea surface tem peratures (SST) is 
w idely applied using this method in late Quaternary 
research (e.g. Cacho et al., 2001) w ith  relatively high 
precision (Herbert, 2003).

Besides alkenones, the relative amounts o f o ther 
lipids in organisms are known to  vary w ith growth 
temperatures. Membrane lipids, synthesized by 
Crenarchaea bacteria (GDGTs) occur ubiquitously 
(Schouten et al., 2000) and are unaffected by water 
redox conditions (Schouten et al., 2004). Concentra­
tions o f these biomarkers are used fo r the recon­
struction o f productivity variations (Huguet et al., 
2007). GDGTs can contain up to  eight cyclopentane 
rings (DeRosa and Gambacorta, 1988) (Figure 8). 
From culture studies o f the membrane composition 
o f hypertherm ophilic archaea it is known tha t the 
relative number o f cyclopentane moieties increases 
w ith grow th tem perature (Gliozzi et al., 1983; Uda 
et al., 2001), which probably regulates membrane 
flu id ity  (W uchter et al., 2004). Thus, by measuring 
the relative amounts o f GDGTs present in marine 
sediments, the tem perature can be determ ined at 
which Crenarchaeota produced the ir membranes. 
This can be expressed as the TetraEther index o f te t- 
raethers consisting out o f 86 carbon atoms (TEXgg)

(Schouten et al., 2002):

i[IV k l V]+[vi])
([///k l IV.k [ y .k l VI])

SSTs between 5 and 30°C can then be calculated, 
according to  the fo llow ing core-top calibration (Kim 
et al., 2008):

T(°C ) = -10.78 + 56.2 * TEXS6 (R2=0.935)

This relationship has been applied mostly fo r the 
reconstruction o f palaeotemperatures in marine late 
Quaternary sites (e.g. Huguet et al., 2007), but has 
also been shown to  work fo r African lakes (Tierney et 
al., 2008) as well as in the Cretaceous Arctic Ocean 
(Jenkyns et al., 2004).
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Figure 8 Structures o f GDGTs discussed in the text (Schouten et 
al., 2002).
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An inorganic geochemical method is also applied, 
using Mg/Ca elem ent ratios measured on shells o f 
Foraminifera. This method is based on the therm o­
dynamically d ifferent behaviour o f trace elements 
during the calcification o f Foraminifera, which is 
prim arily a function o f tem perature. This enables 
the relatively new so-called Mg/Ca paleothermo- 
m etry to  reconstruct SSTs (e.g. Mashiotta et al., 1999; 
Elderfield and Ganssen, 2000; Lea, 2003; Nürnberg 
and Groeneveld, 2006), although issues o f intraspe­
cies and ontogenetic variations (e.g. Nürnberg et al., 
1996), preservation (e.g. de Villiers, 2003; Regenberg 
et al., 2006) and other factors such as sea w ater 
carbonate ion concentrations (Russell e t al., 2004) 
should occasionally be taken into account. The expo­
nential dependence o f Mg/Ca ratios on tem perature 
w ith in  single planktonic foraminifera! species is well- 
studied and results in species-specific (e.g. Dekens 
et al., 2002; McConnell and Thunell, 2005) and 
multi-species calibration curves (e.g. Elderfield and 
Ganssen, 2000; Anand et al., 2003), w ith  an accuracy 
o f ± 0 .2 -1 .2°C (Elderfield and Ganssen, 2000; Dekens 
et al., 2002; Anand et al., 2003). The m ajor advantage 
o f this method is tha t oxygen isotopes (5180 ) can be 
measured on the same biotic carrier, which ensures 
the recording o fth e  same seasonality and/or habitat 
effects. Since oxygen isotopes o f planktonic Foramin­
ifera depend both on tem perature and both regional 
and global salinity, the simultaneous analysis o f M g / 
Ca-ratios allows fo r the subtraction o f the tem pera­
ture signal from  the oxygen isotope signal and sub­
sequently the calculation o f salinity variations. This 
results in reliable palaeosalinity reconstructions 
(e.g. Schmidt et al., 2004; Nürnberg and Groeneveld, 
2006).

4.4 Grain-size analysis

The terrigenous component o f marine sediments 
o ff continental margins consists o f coarse eolian dust 
(Koopmann, 1981; Moreno et al., 2002; Stuut et al., 
2002) and finer river discharged muds (Koopmann, 
1981; Sarnthein et al., 1982; Sirocko et al., 1991). 
In order to  d ifferentiate between transport mecha­
nisms fo r terrigenous sediments, a numerical-statis­
tical algorithm (Weitje, 1997) can be applied to  the 
carbonate-free grain-size distributions. The end-

mem ber algorithm attempts to  explain observed 
variations in natural sediments as a result o f mixing 
and has been used successfully to 'unm ix ' sediments 
produced by linear mixing. This enables a distinction 
between w ind-b lown and fluvially derived sediment 
fractions and use o f the ir relative proportions as pa- 
leoclimate proxies, fo r the reconstruction o f w ind 
strength, arid ity (or rainfall) and upwelling variations 
(Prins and W eitje, 1999; Prins et al., 2000,2002; Stuut 
et al., 2002; Frenz et al., 2003).

5. Synopsis

In Chapter 1, coccolith assemblages from  ODP 
core 1002C in the Late Quaternary Cariaco Basin are 
compared w ith  coccolith assemblages from  nearby 
core PL07-39PC, studied by Dr. M att Lynn. A m u lti­
proxy approach was applied w ith  geochemical data 
(total organic carbon and carbonate) from Dr. Mylène 
Aycard, Pteropod data from Dr. Hui-Ling Lin and earlier 
published data. Changes o fth e  proxies reflect clearly 
millennial-scale oscillations and suggest a strong link 
w ith  shifts o f the intertropical convergence zone. A 
new upwelling proxy (GEX) is proposed: the ratio 
between the tw o  dom inant coccolith taxa; it suggests 
tha t upwelling induced productivity variations in the 
anoxic Cariaco basin are tightly linked to  preserva­
tion o fth e  fragile coccoliths and tha t terrigenous and 
marine records show sim ilar fluctuations.

Assemblage changes o f coccoliths have proven 
to be useful paleoceanographic indicators in the 
northern Gulf o f Cadiz by Colmenero-Hidalgo (2002,
2004). A sim ilar approach is therefore applied in 
Chapter 2 fo r core GeoB9064 in the southern Gulf o f 
Cádiz. Morphological variations o f Emiliania huxleyi 
have been related to tem perature changes and can 
be used fo r detection o f Heinrich Events (Colmenero- 
Hidalgo et al., 2004). To frame these climatological 
variations, paleotemperatures were estimated using 
Uk37 and TEX86 sea surface tem perature estimates 
and provide a well-constrained frame fo r the 
detection o f Heinrich Events. The use o f grain-size 
analysis w ith  end-m ember modeling, together w ith  
data generated from  an XRF analysis by Dr. Anneleen 
Foubert completes the paleoclimate reconstruction. 
This study generates a detailed characterization o f
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positive and negative NAO oscillations,.
Assemblage changes o f dinoflagellate cysts are 

frequently based on the calculation o f the absolute 
num ber o f dinoflagellate cysts (or concentrations) in 
the sample by adding a spike, mostly an exotic spore. 
Absolute abundances are more reliable as productiv­
ity indicators than relative abundances since these 
could be affected by closed-sum problems or pres­
ervation issues (Reichart and Brinkhuis, 2003). Since 
there was evidence fo r inconsistencies in the results 
from  different laboratories, a global interlaboratory 
calibration o f this method was carried out in Chapter3 
where a standard fo r the method is proposed.

Morphological variations o f dinoflagellate cysts are 
frequently a ttributed to  changes in salinity (Sorrel et 
al., 2006; Head, 2007). A dinoflagellate cyst tha t has 
been thoroughly investigated in this respect is Lingu­
lodinium machaerophorum  (Kokinos and Anderson, 
1995; M ud iee ta l., 2001; Brenner, 2005). In Chapter 4, 
a global morphological study o f th is cyst using light 
and confocal microscopy shows tha t this variation is 
much more complex than previously thought. Appar­
ently, the morphological variation is linked to both 
changes in salinity and tem perature, as expressed 
by a ratio between both (S/T). It appears impossible 
to  extract these parameters separately from  the 
morphological inform ation, which confirm ed earlier 
results from  cultures (Hallett, 1999). In Chapter 5, 
it becomes apparent tha t the cysts can be found 
only w ith in  a restricted range o fth e  S/T ratio, which 
suggests tha t the m otile is unable to form  its cyst 
outside these lim its. This S/T ratio thus generates 
a convincing explanation fo r the biogeographical 
zonation o f this dinoflagellate cyst. Furthermore, it 
is argued tha t the morphology is the expression o f 
this S/T ratio, whereas the productivity signal is de­
term ined by other environmental variables.

In Chapter 6, assemblage changes o f dinoflagel­
late cysts and morphological changes o f Lingulodi­
nium machaerophorum  are used to reconstruct pro­
ductiv ity and salinity variations in core 1002C from 
the Late Quaternary Cariaco Basin. This study reveals 
rapid millennial-scale productivity changes due to 
shifts in the intertropical convergence zone and an 
asynchronicity between salinity proxies and hydro- 
logical variations.
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CHAPTER 1

Coccolithophores as 
palaeoecological indicators for 
shifts of the ITCZ in the Cariaco 
Basin during the late Quaternary
ABSTRACT

Coccoliths were studied from  the ODP Hole 1002C and core PL07-39PC in the Cariaco Basin. Increases in 
Emiliania huxleyi are synchronous w ith  decreases o f Gephyrocapsa oceanica and vice versa. A new index (GEX) 
based on the relative abundances o f these tw o taxa is proposed, and correlates w ith  various other proxies. It is 
shown tha t GEX can serve as upwelling proxy. This confirms tha t the ITCZ shifted north during the Bplling/Allerpd, 
south during the Younger Dryas and back north during the Preboreal. The upwelling proxy shows few discrepan­
cies w ith  the terrigenous record.

1. In t roduc t ion

The equatorial A tlantic plays a key role in global 
climate changes during the Quaternary. Evidence is 
increasing tha t large and rapid climate oscillations 
occurred at suborbital and m illennial frequencies in 
the North A tlantic during the last glacial (Heinrich 
events and Dansgaard/Oeschger cycles) (Bond et al., 
1992,1997; Dansgaard et al., 1993). Apparently, these 
are not restricted to  the northern higher latitudes 
but have a global signature, which is also prom inent 
in the Caribbean Sea (Peterson et al., 2000a; Schmidt 
et al., 2004). The mechanisms fo r these pronounced 
changes in the atm osphere-ocean system are still a 
m atter o f debate, partly because o f the scarceness 
o f high resolution data from  the tropics and the 
southern hemisphere (Vidal et al., 1999; Vink et al., 
2001).

These changes in the climate system are well- 
reflected in high resolution productivity data 
(Peterson et al., 2000a; Vink et al., 2001), mainly 
from  shelf areas where 10-15% o f the global marine 
prim ary production takes place (M uller-Kerger et al.,

2005). Pronounced fluctuations o fth e  production are 
more likely to  happen w ith in  these borderlands. The 
Cariaco Basin, located on the Venezuelan margin, is 
characterized by high productivity, which has caused 
the basin to become anoxic. In this respect, the basin 
offers an im portant opportun ity  to  study changes o f 
productivity.

Coccolithophores are a major plankton group and 
play an im portant role in biogeochemical cycles and 
climate. However, these unicellular algae are not so 
commonly used fo r palaeoceanographical and pa- 
laeoclimatological studies. This may be partly due 
to the cosmopolitan range and ubiquitous occur­
rence o f only a few dom inant species. Nevertheless, 
biogeographic d istribution patterns o f coccoliths in 
surface sediments reflect the d istribution o f living 
coccolithophore species in the overlying watermass- 
es (Baumann et al., 1999). M ajor ecological factors 
explaining the spatial and tem poral d istributions o f 
coccolithophores are discussed in Baumann et al. 
(2005) and Jordan (2002). The sinking flux o f coc­
colithophores constitutes about 60 % o f the tota l 
burial flux o f CaC03 to  the world's sediments, w ith  a
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Figure 1 The Cariaco Basin, w ith location o f cores 1002C and PL07-39PC.

regional variability o f 20-86% (Honjo, 1996), which 
makes them  an ideal too l fo r high-resolution produc­
tiv ity  study.

Coccolithophores are a major constituent o f 
the phytoplankton blooms which occur during the 
upwelling season in the Cariaco Basin. This study 
reports variations in coccolith taxa preserved in 
sediments o f Cariaco Basin and the ir use fo r the in­
terpreta tion o f climate and ocean variability in the 
southern Caribbean region during the latest Quater­
nary on a millennial timescale, through a high resolu­
tion analysis o f quantitative coccolith fluctuations in 
the Cariaco Basin. Using a m ultiproxy analysis w ith  
new data from  a geochemical analysis (TOC and 
carbonate), a pteropod abundance ratio and a palyno- 
logical analysis, combined w ith  earlier published data 
(Mg/Ca, alkenones, M o/Al, XRF), a robust fram ework 
fo r the elucidation o f the variations in the coccolith 
record, is presented.

2. Study area and background

The Cariaco Basin is a small east-west trending 
Quaternary pu ll-apart basin on the continental 
shelf, north o f Venezuela (Figure 1). It is composed 
o f tw o  subbasins, separated by a 950 m deep saddle. 
The western basin has a depth up to  1400 m, w hilst 
the eastern basin has a maximum depth o f 1370 m. 
The basin is isolated in the north from  the in let o f 
deepwater from  the Caribbean by a series o f sills 
which form  the Tortuga Bank, the deepest connec­
tions between the basin and the open Caribbean 
are at a depth o f 146 m, in the northwest. The sur­
rounding topography prohibits in le t o f deep water 
from  the Caribbean, causing a 100 year residence 
tim e o fth e  bottom  waters (Deuser, 1973). The high 
oxygen demands, created by upwelling-induced 
surface-productivity, and a strong pycnocline which 
lim its vertical exchange, leads to  the present-day 
anoxic and sulphidic conditions below a depth o f
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300 m (Richards, 1975; Peterson et al., 1991). The 
almost complete lack o f b ioturbation leads to  a very 
complete sedimentary record.

The most im portant surface waters entering the 
Caribbean are the North Brazil Current (NBC) and 
the North Equatorial Current (NEC). These branch o ff 
around Lesser Antilles and flow  into the Caribbean 
Basin to  form  the Caribbean Current. The tw o upper 
w ater masses are the Caribbean Surface W ater 
(CSW) and the Subtropical UnderW ater (SUW). The 
oligotrophic CSW (0-80 m) originates from the NEC 
and NBC w ith  significant input o f low salinity waters 
o f the Amazon and Orinoco rivers in October to 
November. The eutrophic SUW (at a depth o f 80-120 
m), comes from the centre o fth e  North A tlantic (the 
surface waters o fth e  North A tlantic Gyre) and enters 
the Caribbean between the Lesser Antilles and the 
W indward Passage between Cuba and Jamaica 
(Wust, 1964; Nyberg et al., 2002). The SUW forms 
the perm anent therm ocline and/or nutric line o f 
the Caribbean. The surface w ater o f the Caribbean 
is generally characterized by low  prim ary produc­
tiv ity  except in coastal regions, fo r example o ff the 
Venezuelan Coast, where due to  upwelling, this SUW 
is shoaling and causes higher productivity (M u lle r- 
Karger and Aparicio-Castro, 1994).

The region is influenced by migrations o f the In­
tertropical Convergence Zone (ITCZ) which causes 
seasonal variations in the strength o f the northeast 
trade w inds (M uller-Karger and Aparicio-Castro, 
1994). During w in te r and early spring (January- 
March), the ITCZ is at its southernm ost position and 
strong trade w inds blow along the coast o f Venezuela, 
causing upwelling o f nu trien t-rich  water. The phyto­
plankton exploits this resource and in January and 
February prim ary production rates and carbonate and 
opal fluxes are at a maximum (Peterson et al., 1991). 
During this period, diatoms dom inate the phytoplank­
ton population (Ferraz-Reyes, 1983). Beginning from 
about June or July, when the ITCZ migrates north to a 
position near the Venezuelan coast, the trade w inds 
weaken markedly and prim ary production rates fall 
to  a m inim um  (M uller-Karger et al., 2004). As the 
upwelling subsides, the northward migration o f the 
ITCZ brings its associated rain belt above the Cariaco 
Basin, and increases fluvial discharge from  rivers

which affect the southern Caribbean. No large rivers 
currently discharge into the basin, but in form er 
times fluvial input was more im portant (M u lle r- 
Karger et al., 1989). During this season, the produc­
tion is dominated by cyanobacteria, dinoflagellates 
(Ferraz-Reyes, 1983) and also haptophytes (Goni et 
al., 2003).

The interglacial basin sediments are laminated 
and reflect migrations o f the ITCZ as the high annual 
sediment flux (20-100 cm k y r1) forms alternat­
ing light and dark laminae. The light laminae are 
mainly composed o f diatoms; they reflect high win- 
te r-spring  production. The microorganisms appear 
grouped in aggregates, most likely fecal pellets, sur­
rounded by biogenic silica. The dark laminae have 
a higher clay and terrigenous material composition, 
w ith  mainly quartz and feldspars, and this reflects 
deposition during the sum m er-autum n rainy season 
in combination w ith  reduced productivity. M icro­
organisms in these laminae are also grouped in ag­
gregates.

3. Materials and methods

ODP Site 1002 (10°42.37'N, 65°10.18'W) is 
located on the western flank o f the central saddle 
o f the Cariaco Basin, at a depth o f 893 m (Figure 1). 
The saddle was chosen because the varves in the 
subbasins tend to be disrupted by m icroturbidites. 
Shipboard Scientific Party (1997) gives the detailed 
sediment core location and description.

Core PL07-39PC (10°42.00' N, 64°56.50' W) was 
recovered from  a w ater depth o f 790 m on the 
eastern side o f the central saddle tha t bisects the 
basin (Figure 1), and is described in Lin et al. (1997).

3.1 Stratigraphy

Hole 1002D is well dated w ith  65 accelerator 
mass spectrometry (AMS) 14C dates on planktonic 
foraminifera, over the studied interval, and was 
fine -tuned  to  GISP II 5180  by matching inflection 
points and interpolating between them  (Hughen et 
al., 2004). Hole 1002C was then aligned w ith  Hole 
1002D by visually matching magnetic susceptibilities 
records provided by Shipboard Scientific Party (1997).
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The studied core sections range in age from the late 
Pleistocene to  the earliest Holocene, covering the 
Last Glacial Maximum (LGM), Heinrich Event 1, the 
B0lling-Alier0d Warm Period (BA), the Younger Dryas 
(YD) and the Holocene.

Core PL07-39PC is dated w ith  29 AMS 14C dates 
on planktonic foram inifera, has a detailed oxygen 
isotope record and grayscale correlations (Hughen et 
al., 1996a,b; Lin é ta l., 1997).

Sedimentation rates in both cores were calculated 
by taking the moving average o f the tw o slopes im ­
mediately next to  the point in the age-depth diagram 
(Figure 2) and range from  about 32 to  170 cm k y r1. 
The slower rates are associated w ith  deposition o f 
the fa intly laminated upper portion o f the core, the

highest ones w ith  Heinrich 1 and YD. Mass accumu­
lation rates in Hole 1002C were calculated using dry 
bulk density measurements based on GRAPE density 
measurements (Shipboard Scientific Party, 1997) in 
PL07-39PC (Lynn, 1998). There could be tw o reasons 
fo r discripancies between both cores: one o fth e  cores 
has been stretched/compressed on certain intervals 
due to  coring or there have been varying inputs o f 
p roductivity or terrigenous input (both cores are at 
d ifferent sides o fth e  saddle).

Mass accumulation rates (MAR) are much higher 
during glacial periods and the YD than interglacial 
ones. MAR during the BA are clearly lower than 
glacial MAR.
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Figure 2 Sedimentation rates and mass accumulation rates in cores 1002C and PL07-39PC.
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3.2 Quantification o f  coccoliths and  
coccolith carbonate

Samples were taken at 10 cm intervals. Given 
the range o f the sedimentation rates, this sampling 
interval yields a tem poral sampling resolution 
between about 100 and 300 years. The method o f 
Okada (2000) was used fo r preparation o f the studied 
95 samples from Hole 1002C. 400 nannofossils were 
counted under a JEOL 6400 SEM at a magnification o f 
2700 X. Absolute abundances were calculated using 
the formula o f Lototskaya (1999):

V * S f *N'
N  = --------  1-------

V2 *ns * S* mDBD

where:
N = absolute abundances of coccoliths g-1 dry sediment

V = volume of tapwater used for filtering

S = effective filtration area

N'  = number of counted coccoliths

V2 = volume of the solution;

ns = number of counted square fields

S '= area of the field

m DBD = we'ght of a bulk sediment sample (in g)

Coccolith accumulation rates can then be calcu­
lated as:

cocAR = R  * DBD  * N

where
cocAR = total coccolith accumulation rate (coccoliths cm-2 

k y r1)

R= average sedimentation rate (cm k y r1)

DBD = dry bulk density (g cm-3)

N = absolute abundances of coccoliths g_1 dry sediment 

(number g_1)

The num ber o f coccoliths were converted into 
coccolith-carbonate contents on the basis o f mean 
estimates o f coccolith masses (Young and Ziveri, 
2000). Since the mass o f coccolith species varies 
markedly, size calibrations are necessary (Baumann, 
2004) and 50 measurements o f the length o f the 
most im portant taxa were taken as in Baumann et

al. (2003). They were converted into mass estimates 
using the method o f Young and Ziveri (2000) (Table 

1).
For core PL07-39PC, samples were also taken at 

10-cm intervals fo r this study. Initial sample prepa­
ration fo llowed standard micropaleontological tech­
niques. Core samples were washed through a 63 pm 
sieve, saving one lite r o f the <63 pm fraction. The <63 
pm fraction was allowed to settle fo r tw o days or until 
the w ater was clear, then excess w ater was siphoned 
off. The last 50 ml was left to  avoid disturbance o f the 
settled fraction; this remaining w ater was evaporat­
ed o ff under a heat lamp. The dried fine fraction was 
then scraped out o f the beaker and saved fo r analysis. 
Owing to the high proportion o f clay material in

Table 1 Lengths and masses o f selected species

Species Length (pm) Mass (pg)

Gephyrocapsa oceanica 4,78 15,41

Emiliania huxleyi 3,08 1,61

Calcidiscus leptoporus 7,90 109,72

Florisphaera profunda 4,12 8,54

Helicosphaera carteri 7,41 59,82

Umbilicosphaera sibogae 4,89 18,44

Syracosphaera pulchra 5,33 13,00

Umbellosphaera spp. 6,16 10,36

these samples, coccolith concentration techniques 
were employed before the samples were counted. 
This procedure simplified the relative abundance 
counts but invalidated any later attem pt at genera­
ting absolute abundance data from  the same samples; 
consequently separate preparations were required 
to accommodate the absolute abundance study.

3.3 Total organic carbon and carbonate

TOC was measured by Rock Eval pyrolysis using a 
Rock Eval IV apparatus. Carbonate% was measured 
in Hole 1002C by using a manocalcimeter. Details on 
the methods are described in Aycard et al. (2008).

3.4 Quantification o f  p teropods and  
pteropod ratio

After w et sieving at 63 pm, the sample was splitted

22



10
02

C
- CHAPTER 1 -

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i
o o o o o o o o o o o o o o o o o o o o o oo o o o o o o o o o o o o o o o o o o o oo o o o o o o o o o o o o o o o o o o o oT - c v i c O ' i L o c o r ' - c o c o o T - C M c O ' s i - L o c o r ' - c o c o o T -

Age calender years

23

Fi
gu

re
 

3 
Re

la
tiv

e 
ab

un
da

nc
es

 
of 

co
cc

ol
ith

s 
in 

co
re

 
10

02
C

.



P
L0

7-
39

P
C

- CHAPTER 1 -

I— CNI

M  M  M  M  M  M  M  M  M  M  M  M  M  M  M  M  M  M  M  M  M  I
o o o o o o o o o o o o o o o o o o o o o oo o o o o o o o o o o o o o o o o o o o oo o o o o o o o o o o o o o o o o o o o o

T - M C O ^ l f l t £ ) S K ) ® O r M C O ^ l f l C Û S O O ® O r j

Age calender years

24

Fi
gu

re
 

4 
Re

la
tiv

e 
ab

un
da

nc
es

 
of 

co
cc

ol
ith

s 
in 

co
re

 
PL

07
-3

9P
C

.



- CHAPTER 1 -

m ultip le times, depending on the abundance o f 
pteropods. The number o f pteropods was calculated 
by multip lying w ith  splitting factor and dividing w ith 
dry sample weight. Pteropod abundance ratio was 
calculated by (# pteropods g_1) /  (# pteropods g 1 + # 
planktonic foram inifera g 1).

4. Results

All raw data are included as Supplementary data.

4.1 Coccolith relative abundance data

The assemblages found in the area o ff Venezuela 
are typically tropical dominated by placolith-bear- 
ing species such as Emiliania huxleyi, Gephyrocapsa 
oceanica, Umbilicosphaera sibogae and Calcidiscus 
leptoporus (Figure 3 and 4)

Th irty -n ine  nannofossil species were identified 
in core 1002C, but only tw o species reach relative 
abundances o f more than 15% (Figure 3): Gephy­
rocapsa oceanica (16-92%) and Emiliania huxleyi 
(0-72%). O ther im portant species are Florisphaera 
profunda  (up to  15%), Umbilicosphaera sibogae (up 
to  12%), Helicosphaera carteri (up to 9%), Calcidiscus 
leptoporus (up to  7%), Gladiolithus flabe lla tus  (up to 
7%), small Gephyrocapsa (up to 7%) and Acanthoica 
spp.(up to  5%). Species w ith  low relative abundances 
were Reticulofenestra sessilis (up to 3%), Syracospha­
era pulchra  (up to 3%), Rhabdosphaera clavigera 
(2%), Umbellosphaera spp. (up to 2%), Calciosole­
nia  spp. (up to  2%), Michaelsarsia spp. (up to 2%), 
Reticulofenestra parvula  (up to  1%), Discosphaera 
tub ifera  (up to  1%), Hayaster perplexus (up to  1%), 
Algirosphaera robusta  (up to 1%), Helicosphaera 
pavimentum  (less than 1%), Gephyrocapsa caribbe­
anica (less than 1%), Pontosphaera spp. (less than 
1%), Calciopappus rigidus (less than 1%), Syracolithus 
dalmaticus (less than 1%), Ceratolithus cristatus, now 
known as alternate life-stage o f Neosphaera cocco­
lithom orpha  (CROS et al., 2000) (less than 1%) and 
Coronosphaera mediterranea  (less than 1%). The 
results fo r core PL07-39PC are shown in Figure 4 and 
show very sim ilar changes.

Emiliania huxleyi and Gephyrocapsa oceanica are 
characterised by very rapid abundance changes in

the investigated tim e interval. Increases in relative 
abundances o f Emiliania huxleyi are synchronous 
w ith  decreases o f Gephyrocapsa oceanica and vice 
versa.

4.2 Coccoliths pe r  gram o f  sediment 
and absolute abundance data (cocco­
lith accumulation rates)

The number o f coccoliths/g sediment range in 
1002C from 3.2 x 10s to 8 x IO9 (Figure 6). Boeckel and 
Baumann (2004) studied the d istribution in surface 
sediments o f the south-eastern South Atlantic Ocean 
and found to ta l coccolith abundances ranging from 
0.2 to  39.9 coccoliths x IO9 g_1 sediment. Liths per 
gram o f sediment calculated by Kinkel et al. (2000) 
from  a core in the western equatorial A tlantic range 
between 10 x IO9 and 40 x IO9 liths n r2 k y r1 (Figure 6). 
Our estimates fall well w ith in  these ranges.

Coccolith accumulation rates were calculated fo r 
each species and ranged from 18 x IO9 to  49 x IO10 
liths n r2 k y r1. Accumulation rates calculated by Kinkel 
e t al. (2000) in a core in the Ceara Rise, western equa­
toria l Atlantic, vary between 8.5 x IO9 and 45 x IO9 
liths n r2 ky r1. The Cariaco Basin thus has in general 
a greater contribution o f coccoliths than the core o f 
Kinkel et al. (2000). This can be expected, since the 
Cariaco Basin is considered to be a higher producti­
v ity area than the western equatorial Atlantic.

The accumulation rates can be converted to fluxes, 
which allows comparison to  fluxes measured in 
sediment traps. Our fluxes correspond to  4.93 x 10s 
to  1.34 x IO10 liths n r2 d 1. Current coccolith fluxes 
in the m id-equatoria l Atlantic measure up to 6.2 x 
IO7 to 7.8 x 10s liths n r2 d T in the m id-equatoria l 
A tlantic (Steinmetz, 1991). Haidar and Thierstein 
(2001) measured an average flux o f 1.4 x IO9 liths n r2 
d 1.around Bermuda. Our calculated fluxes are w ith in  
the same order o f magnitude.

4.3 Coccolith carbonate

For core 1002C, the carbonate produced by 
coccolithophores was calculated using the mass 
estimates in Table 1 (Figure 5). Averagely 23% o f 
the to ta l carbonate in the sediment is produced by 
coccolithophores over the last 21 kyr, the remaining
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carbonate is attributed to foram inifers and pteropods. 
The highest percentage o f coccolith carbonate are 
reached during the BA and Preboreal.

Baumann et al. (2003) measure in sediment 
traps o f the South A tlantic region a contribution o f 
coccolith carbonate on average 9,1% to the CaC03 
fluxes. Boeckel and Baumann (2004) studied coccolith 
distribution in surface sediments o f the southeast­
ern South A tlantic Ocean; the ir mass estimations o f 
the coccolith carbonate reveal coccoliths to  be only 
m inor contributors to  the carbonate preserved in the 
surface sediments. The mean computed coccolith 
carbonate content is 17 wt% equivalent to  a mean 
contribution o f 23% to the bulk carbonate. Our 
estimates are thus comparable.

We have to  stress tha t d ifferent methodologies 
are used in the above mentioned papers, which may 
cause problems o f comparison o f absolute quanti­
fication (Herrie and Bollmann, 2004). However, the

comparison o f general trends presents no problem.

4.4 TOC, carbonate and rain ratio

TOC increases during interglacial periods after 
the anoxic transition, w ith  extreme differences are 
the much higher TOC in the BA and Preboreal, and 
a m inimum TOC during the YD (Figure 6). Carbonate 
percentage shows opposite fluctuations to TOC. The 
rain ratio (TOC/Carbonate) is synchronous to  TOC. 
The average organic carbon accumulation is 0.95 g 
cm'2 k y r1 during the Holocene (after 11.7 cal. kyr BP), 
and 1,26 g cn r2 k y r1 before the Holocene. Goni et al. 
(2003) measured burial fluxes o f about 1-1.2 g cm-2 
kyr-1 in a core on the eastern flank, an average com­
parable to measured fluxes in both core 1002C and 
PL07-39PC, and also sim ilar to  measurements in the 
deeper sediment traps (1-1.4 g cm-2 kyr-1).

The average carbonate accumulation is 5.15 g 
CaC03 cm-2 kyr-1 during the Holocene, and 9.409
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Figure 6 Coccolith carbonate concentrations and accumulations, coccolith concentrations and accumulations and N ratio in core 1002C.

g CaC03 cm-2 kyr-1 before the Holocene. There is 
clearly a decrease in accumulation. Goni et al. (2003) 
measured burial fluxes o f about 3 -4  g cm-2 kyr-1 in a 
core on the eastern flank. However, our data do not 
resemble the fluxes measured in deeper sediment 
traps, only the fluxes in the shallow traps. Such d if­
ference has been attributed to various causes; some 
uncertainty remains about the extent o f loss o f 
carbonate through the w ater column (Smoak et al.,
2004).

4.5 Pteropod ratio

The pteropod ratio reaches highest numbers during 
Heinrich event 1 and Younger Dryas and reaches 
minima during the Bplling/Allerpd and Preboreal 
(Figure 8).

5. Discussion

Below, the interpretation o f the coccolith records 
w ill be discussed. This interpretation w ill be used 
to  link this inform ation to  migrations o f the ITCZ, 
leading to a palaeoclimatological reconstruction o f 
the Cariaco Basin.

5 .1 Variation between Emiliania huxleyi 
and Gephyrocapsa oceanica

First and foremost, the variations in relative and 
absolute abundances o f Emiliania huxleyi and Ge­
phyrocapsa oceanica require an explanation. These 
b loom -form ing species are genetically closely 
related (Medlin et al., 1996; Fujiwara et al., 2001) 
and are thought to  affect biogeochemical cycles of,
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in particular, C02 (Tyrrel and Taylor, 1995; Rost and 
Riebesell, 2004), climate (dimethyl sulphide cloud 
cover; Malin and Steinke, 2004) and light-scattering 
albedo (Tyrrell, 1999).

We can express the signal from  the tw o  dom inant 
coccolith taxa as G EX {Gephyrocapsa oceanica -  
Emiliania huxleyi Index), as an analogue to  the 
C EX o f D ittert et al. (1999) (Calcidiscus leptoporus 

-  Emiliania huxleyi dissolution index), and the CEX' 
(Calcidiscus leptoporus -  Emiliania huxleyi + Gephy­
rocapsa ericsonii dissolution index) o f Boeckel and 
Baumann (2004), which are analogue indices w ith  
d ifferent species:

GEX _ E. huxl eyi %
(E. huxleyi% + G. oceanica% )

E.huxleyi%
C/irA -

(E. huxleyi% + C. leptoporus%)

E. huxleyi + G. ericsonii%
CsÍLyC —--------------------------------------------------------------------

(E. huxleyi + G. ericsonii% + C. leptoporus%)

We w ill consider tw o  complementary ways how 
to  explain variations between these tw o  species: one 
invoking ecological changes and the other dissolu­
tion.

5.1.1. Ecology as interpretation

Changes between E. huxleyi and G. oceanica, as 
reflected by the GEX ratio, can be linked to  changes 
between an upwelling dominated ecosystem to  a 
river dominated ecosystem. These shifts correspond 
to  an environment w ith  more nutrients, higher SSS 
and lower SST and reduced w ater column stability 
and to  an environment w ith  less nutrients, lower 
SSS and higher SST and higher stratification. Each of 
these environments can be related to  dominance o f 
one of e ither taxon.

E. huxleyi is often linked w ith  upwelling (Smayda, 
1966; Berger, 1976; Stoll et al., 2007). Tyrrell and 
Merico (2004) postulated tha t E. huxleyi blooms right 
after the spring diatom bloom when surface irrad i­
ances are increasing, and silicate is the lim iting factor. 
The fact tha t E. huxleyi is uninhibited by high light

intensities may account fo r its success at outcom- 
peting other species when it forms gigantic blooms. 
This same seasonal cycle could be occurring in the 
Cariaco Basin during the Younger Dryas. Diatom 
blooms occur during the Younger Dryas, as shown 
by th ick diatom laminations (Peterson et al., 2000b; 
Piper and Dean, 2002). The increase in the GEX 
ratio during the Younger Dryas would thus reflect 
the increase in upwelling, due to  the increases of
E. huxleyi. Coccolith accumulation rates show same 
trends and major inflection points as the GEX, and 
would also reflect upwelling conditions (Figure 6).

On the o ther hand, increases in G. oceanica abun­
dances can be related to  less saline, warm water, 
possibly by river runoff. This has been acknowledged 
in other studies. According to  Jordan and W inter 
(2000) who studied coccolith assemblages o ff the 
Coast o f Puerto Rico, a nearby region, there can be 
a relationship between abundances o f Gephyro­
capsa oceanica and in flow  o f shallow coastal waters. 
Also Kleijne et al. (1989), Zhang and Siesser (1986) 
and Knappertbusch (1993) mention blooming o f G. 
oceanica at lower salinities than E. huxleyi. In the 
neritic Gulf o f Panama it was also found to  be the 
dom inant species (Smayda, 1966; Throndsen, 1972). 
On the other hand, in the oligotrophic Caribbean, it 
has been only rarely observed (Throndsen, 1972). 
Weaver and Pujol (1988) mention this species as an 
indicator o f warm ing and runoff fo r the M editerra­
nean. A m ultiproxy approach o f Arabian Sea sediments 
by Doose-Rolinski et al. (2001) also indicates the ratio 
between G. oceanica and E. huxleyi being indicative 
fo r warm er and fresher conditions related to  higher 
monsoon activity.

5.1.2 Dissolution as in terpretation

In contrast to  well-preserved assemblages of 
planktonic foraminifera, often enriched in delicate 
forms, even the best preserved recent coccolith 
assemblages in sediments contain only a small 
fraction o f the taxa found in the w ater column and 
are generally dominated by dissolution resistant taxa 
and as such coccoliths are sensitive indicators o f the 
degree o f dissolution (Thierstein, 1980; Roth and 
Coulbourn, 1982). Coccoliths, therefore, are sensitive 
indicators o f the degree o f dissolution in w e ll-p re -
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served assemblages whereas planktonic foraminifera 
are sensitive indicators fo r more dissolved samples 
(Roth and Berger, 1975).

Carbonate dissolution w ill have a stronger effect 
on the delicate E. huxleyi than on G. oceanica, a 
fact acknowledged by other studies (e.g. Haidar and 
Thierstein, 2001). Therefore the GEX w ill decrease 
w ith  increasing carbonate dissolution. Selective 
dissolution o f coccolithophores is also reflected 
in o ther species such as G. oceanica, C. leptoporus 
and H. carteri which are dissolution resistant, and E. 
huxleyi and um belliform  species are more delicate. 
Indeed, clear traces o f dissolution are indicated by 
the CEX-index fo r example around 14.2 kyr, a period 
when G. oceanica clearly becomes dom inant (Figure 
7). In our case, CEX is probably not tha t well applica­
ble since Calcidiscus leptoporus abundance is too low 
to  leave a high enough im prin t in the fossil record, 
except fo r rare occasions when the dissolution is very 
marked. As far as we can see, extended counting o f 
C. leptoporus and E. huxleyi, would reveal the same 
trends as GEX.

This process o f dissolution would occur whilst the 
coccoliths are transported through the watercolumn. 
Sediment-trap studies in the Cariaco Basin show that 
major loss o f organic carbon and carbonate happens 
during transport through the w ater column. About 
60 to  70 % o f the carbonate is currently lost in the 
upper 1000 m according to Goni et al. (2003), and 
71,5% according to  Smoak et al. (2004). Another ob­
servation made during the coccolith counts was that 
in any given sample th roughout the section, cocco­
liths o f every species seem to  be present w ith  very 
variable preservation, from  pristine to very poorly 
preserved. This lends support to  the idea tha t varying 
amounts o f dissolution took place during the settling 
o f coccoliths to  the seafloor, and less on the seafloor 
itself, where one would expect a more homogenous 
effect on the to ta l assemblage. We therefore suggest 
syndepositional dissolution being the most im portant 
process. A possible process tha t would be occurring 
would be sim ilar to  w hat Klöcker and Henrich (2006) 
propose fo r the Arabian Sea. Low trade-w ind activity 
would cause higher dissolved DIC/low pH anoxic con­
ditions deeper in the basin, and would cause higher 
carbonate dissolution. High trade-w ind activity

would result in deep w in te r mixing, lower DIC/ 
higher pH conditions deeper in the basin, favouring 
carbonate preservation. This can again be related to 
shift between environments (Figure 9).

5.1.3 Multi p roxy approach

Different other proxies tha t have been produced 
on both cores by other workers, show sim ilar fluc­
tuations to  the GEX ratio (Figures 7 and 8). In this 
paragraph, we want to show tha t both productivity 
and preservation can be applied in the interpretation 
o f these records.

The rain ratio, defined as TOC%/CaC03%, shows 
sim ilar fluctuations as GEX in both cores (Figure 7 
and 8). The rain ratio has previously been consid­
ered to  be indicative o f dissolution (Emerson and 
Bender, 1981; Jahnke et al., 1994; D ittert e t al., 1999). 
However, this rain ratio can also be related to  pro­
ductivity: higher upwelling rates would then result 
in higher carbonate production by foram inifera (and 
coccoliths) and lower input o f river related reducing 
organic matter. On the other hand, these periods 
w ith  highest accumulations o f carbonate are also the 
periods o f lowest dissolution (Bonifay and Giresse, 
1992), and this is precisely the case (compare Figure 
6 and Figure 7).

We can also note tha t the aragonitic pteropod 
abundance index in core PL07-39PC, shows the same 
trends as our rain ratio and GEX (Figure 8). These 
higher abundances o f pteropods can easily be related 
w ith  preservation since these aragonite producers 
dissolve at shallower w ater depths than calcite due to 
the higher solubility in seawater (Morse and Arvidson, 
2002). The near-absence o f pteropods during the BA 
and Preboreal suggest relatively intense dissolution 
during these intervals in the Cariaco basin would be 
d ifficu lt to  relate to  productivity.

A palynological analysis yielded records o f dino- 
flagellate cysts per gram and pollen and spores per 
gram (unpubl. data), next to  alkenone concentrations 
(Herbert and Schuffert, 2000) (Figure 7). These are 
all resistant components, which show high concen­
trations during periods o f dissolution. On the other 
hand, higher pollen and spores concentrations could 
be related to  higher river input, and the higher dino- 
flagellate cyst abundances could be related to  large
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Figure 9 Palaeoecological model explaining variations over the Cariaco Basin.

shifts in the assemblage from  an heterotrophic to  
an autotrophic assemblage, which can be related to  
changes in the upwelling system. Higher alkenone 
concentrations can also be related to  higher produc­
tiv ity  o f coccolithophores during these intervals.

We can also note tha t the change to  a G. oceanica 
dominated flora is synchronous to  a relative 
abundance change to  centric diatoms, mainly coastal 
species Cyclotella spp., a coastal diatom indicative o f 
low production in warm, stratified, and nutrien t-lim ­
ited waters o f the summer and early fall (Barron, et 
al., 2005). On the other hand, these robust diatoms 
could also reflect a preservational effect.

Fluctuations o f GEX are also synchronous to  a 
Mg/Ca SST reconstruction by Lea et al. (2003) on core 
PL07-39PC (Figure 8). From an ecological viewpoint, 
the warm ing during BA and Preboreal fits well w ith 
the relative abundance o f G. oceanica increasing 
during these warm ing events (see 5.1.1). This proxy

would be unaffected by dissolution since Mg/Ca 
ratios decrease w ith increasing dissolution, and thus 
Mg/Ca tem peratures are lowered.

There is also a good relationship between GEX 
and the Mo/AI record from  PL07-39PC o f Piper and 
Dean (2002) and 1002C o f Lyons et al. (2003) (Figure 
7 and Figure 8). Higher Mo/AI ratios can be related 
to  elevated anoxic bottom -w ater conditions (Lyons et 
al., 2003), which can be related to  lower upwelling 
rates accordingto our model (Figure 9). This is harder 
to  explain by variations in preservation.

5.1.4. Conclusion

The tentative scheme is summarized in Figure 9. 
To what extent the fluctuations are caused by dis­
solution and/or ecology, should be tacklet in future 
research. However, there is no doubt tha t productiv­
ity  and preservation are tigh tly  linked. We assume 
then tha t differences in productivity between both
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locations could explain dissolution being greater in 
the PL07-39PC core. Either way, GEX is apparently 
well-suited as an upwelling proxy.

5.2 Changes in the Low er Photic Zone  
flora (LPZ)

F. profunda, T. flabe lla ta  and H. perplexus (LPZ) 
live in w e ll-s tra tified , low -tem pera ture  (<10 °C), 
nu trien t-rich  sub-therm ocline waters (Okada, 1983). 
It is generally accepted tha t these species have 
an inverse relationship to  both productivity and 
upwelling (Okada and Matsuoka, 1996). Conversely, 
the surface w ater can be enriched in nutrients as a 
result o f increased terrigenous materials and shal­
lowing o f the therm ocline based on changes o f the N 
ratio (abundance o f reticulofenestrids (£. huxleyi and 
Gephyrocapsa spp. to  be little  discrepancies.) relative 
to  the LPZ flora) (Flores et al., 2000).

The lower N ratio confirms a higher stratification 
in the Cariaco Basin during the BA and the Holocene, 
and a weakening o f the stratification (higher N ratio) 
during the glacial period and YD, where the strong 
upwelling inhibits photic zone developm ent (Figure
7). These changes in stratification can also be related 
to  the influx o f nu trien t rich SUW during sea level 
rise. In the Caribbean, abundance o f Lower Photic 
Zone flora (LPZ) track the presence o f the SUW 
(Kameo, 2002). The lower sea level during the last 
glacial maximum would have obstructed SUW influx 
into the basin (Haug et al., 1998) and would have 
given an additional feedback by delim iting deeper 
photic zone development. It is clear however, that 
deeper photic zone development, is not completely 
dependent o f SUW influx since even during the Last 
Glacial Maximum, when this influx would be non­
existent, this deeper photic zone flora is still present 
(Figure 3).

5.3 L ink to m igrations o f  the In tertrop i­
cal Convergence Zone (ITCZ)

As fo r an ecological in terpretation o f the GEX 
upwelling proxy, any explanation fo r changes in the 
upwelling regime on a longer timescale in the Cariaco 
Basin, would call upon migrations o f the ITCZ. When 
the ITCZ is at a more southern position, the upwelling

cycle w ill be dom inant and if the ITCZ is at a more 
northern position, the river input would be higher. In 
an ideal model fo r ITCZ migrations over the Cariaco 
basin, we would expect to  see increases in the 
upwelling record to  go hand in hand w ith  decreases 
in the terrigenous record and vice versa. As a proxy 
fo r terrigenous input we use Fe/Ca (and Ti/Ca which 
shows sim ilarfluctuations), calculated from  data from 
Piper and Dean (2002), sim ilar to  Jennerjahn et al. 
(2004). This has the advantage that, compared to Ti%, 
as used by Haug et al. (2001), this corrects fo r high 
carbonate inputs, which can be related to marine pro­
ductiv ity (carbonate and siliciclastic debris make up 
m ajor components in the sediment and are inversely 
related (Piper and Dean, 2002)). So, if we compare 
the marine upwelling record revealed by GEX (and 
rain ratio, Mg/Ca), w ith  Fe/Ca (Figure 8), trends are 
quite similar, except at 9000 year BP, where there 
seems to be a short lag in the terrigenous record, 
possibly because o f hydrological changes (Jennerjahn 
et al., 2004), influence by lateral advection (Astor et 
al., 2003) or eolian transport (Yarincik et al., 2000). 
Nevertheless, the records suggests synchronous 
changes in both terrigenous and marine record, linked 
to  migrations o f the ITCZ, which enables us to  use the 
GEX as a proxy to  trace migrations o f the ITCZ.

5.4 Palaeoclimate reconstruction

During the LGM sea level in the Caribbean Sea 
dropped by about 121 m (Fairbanks, 1989), exposing 
the Tortuga Bank to the north and restricting influx 
into the Cariaco basin to  a narrow channel to the 
west o f the bank. Because o f the relative height o f 
the sill only o ligotrophic waters could enter, since 
SUW influx was obstructed. Thus despite an increase 
in trade w ind intensity during the LGM and Heinrich 
event 1 (upwelling as shown by GEX), no excessive 
plankton blooms occurred, the bacterial demand 
fo r oxygen was reasonable, the bottom  waters were 
oxic and the accumulating basin sediments are not 
varved (Peterson et al., 1991, 2000b; Haug et al., 
1998; Yarincik et al., 2000).

The interstadial BA would have been characterized 
by a northern shift o f the ITCZ, and thus higher pre­
cipitation and lower upwelling (GEX). Higher produc­
tiv ity  caused by increased influx o f SUW together w ith
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the high river input and less upwelling would cause 
stratification o f the basin (N ratio), and the develop­
ment o f anoxic bottom -w ater conditions, causing 
carbonate dissolution (reduction in carbonate accu­
mulation).

During the stadial YD, w ith  its shutdown o f NADW 
form ation, a sudden shift o f the ITCZ to  the south 
would have occurred, w ith  high upwelling rates 
(Peterson et al., 1991; Werne et al., 2000). This is 
confirm ed by a high N ratio and GEX. A fter the YD, a 
sudden northern shift would induce high river influx 
during the Preboreal period, which would have been 
followed by a gradual southern shift o f the ITCZ up to 
the Holocene therm al maximum. A fter the Holocene 
therm al maximum, from  about 6600 kyr on, the 
climate would be getting wetter, reflecting a gradual 
northern shift.

6. Conclusions

Coccoliths are useful paleoecological indicators fo r 
migrations o f the ITCZ in the Cariaco Basin, as demon­
strated by the new GEX index. Both syndepositional 
dissolution and ecological considerations explain 
variations in this record. A northern shift o f the ITCZ 
during the  BAand Preboreal would alternate southern 
shifts during the YD and the m iddle Holocene. There 
seems to be little  discrepancy between the upwelling 
and terrigenous record.

Addit ional in format ion

Coccoliths from  ODP core 1002C were extracted 
and counted by Kenneth Mertens at Ghent Univer­
sity, coccoliths from  core PL07-39PC were extracted 
and counted by M att Lynn at the Rosenstiel School 
o f Marine and Atmospheric Science, M iami (US). 
The Pteropod ratio was quantified by Hui-Ling Lin 
Lynn at the Rosenstiel School o f Marine and A tm o­
spheric Science, M iami (US). Total organic carbon and 
carbonate was measured by Mylène Aycard at Uni­
versité Lille. Interpretations were done by Kenneth 
Mertens. This chapter has been published in Journal 
o f Quaternary Science.
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CHAPTER 2

Tracking 40000 years of the North 
Atlantic Oscillation during the late 
Quaternary in the southern Gulf of 
Cádiz using coccoliths, biomarkers 
and sedimentological proxies
ABSTRACT

A m ulti-proxy approach based on coccoliths, biomarkers, XRF and grain size data was used fo r the paleoceano- 
graphical analysis o f a late Quaternary sequence in the southern Gulf o f Cádiz, using gravity core GeoB9064-l. 
Variations in the records can be related to  variations in the North A tlantic Oscillation (NAO). Positive NAO indices 
are manifested during cold, arid stadials (Heinrich events) and the enhanced arid ity results in coarse, hematite 
rich, carbonate poor deposits. Stronger upwelling results in lower coccolithophore productivity and preserva­
tion, w ith  the coccolith assemblages dominated by large Emiliania huxleyi (>4 pm). Negative NAO indices are 
distinct during warm, w et interstadials and result in increased fluvial discharge, as indicated by fine, hematite 
poor, carbonate rich deposits. The increased fluvial discharge results in enhanced coccolithophore productivity, 
modulated by precession. Gephyrocapsa muellerae dominates the coccolith assemblage during these events. 
The Ti XRF record displays a strong tem perature influence, and spectral analysis o f the Ti XRF record reveals tw o 
main cycles o f 1000 and 580 year cycles, which can be related to NAO variability.

1. In t roduc t ion

The Gulf o f Cádiz is located in the NE Atlantic 
between the Iberian Peninsula and Morocco, west 
o f the narrow Strait o f G ibraltar (Figure 1). In the 
east, the Gulf o f Cádiz is connected to the M editerra­
nean Sea, and in the west to  the open A tlantic Ocean. 
Current circulation patterns in the Gulf o f Cádiz are 
characterised by a dynamic oceanographic setting, 
controlled by exchanges o f w ater masses through the 
Strait o f Gibraltar. The climatological regime in the 
Gulf o f Cádiz is typical fo r the Mediterranean region 
and is called the "M editerranean regime", switching 
between dry summer and w et w in te r seasons (Hsu 
and Wallace, 1976). Over the past decades, changes 
in this climatological regime in southern Europe can

be related to  changes in the North A tlantic Oscilla­
tion (NAO), w ith  negative NAO indices related to, on 
average higher atmospheric moisture and warm er 
temperatures, and positive NAO indices associated 
w ith  higher arid ity and lower tem peratures (Hurrell, 
1995). These variations are observed over longer 
periods in the Mediterranean, on centennial (Luter- 
bacher and Xoplaki, 2003) to  m illennial time-scales 
(M oreno et al., 2004). In order to  fu rthe r extend the 
elucidation o f this phenomenon, a paleoclimatologi- 
cal reconstruction from  the southern Gulf o f Cádiz, 
where paleoclimatological studies are rare (e.g. 
M arret and Turon, 1994), was undertaken.

Both the terrigenous and biogenic sediment 
fractions are potential tracers fo r variations in the 
NAO index. Terrigenous sediments deposited in the
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Figure 1 Location o f core GeoB9064-l in the  Gulf o f Cádiz. Depth contours are every 1000 m. Main rivers in Morocco are drawn. 
Major coastal cities are marked, together w ith  major Moroccan rivers.

southern Gulf o f Cádiz are a m ixture o f eolian and 
fluvial components, and have a sim ilar composi­
tion as the marine surface sediments o ff the NW 
African coast (Holz et al., 2004). The terrigenous 
sediments are transported from  the shelf and 
are mainly deposited on the slope by low-density 
tu rb id ity  currents and nepheloid sedimentation. 
These land-derived sediments contain a significant 
am ount o f eolian dust due to the proxim ity o f the 
Saharan desert, and the prevailing strong and stable 
winds, especially the Levanter and northerly trade 
winds, which are stronger during summer (Dorman 
et al., 1995). The rivers draining the M iddle Atlas in 
the Moroccan borderlands are the Sebou and other, 
smaller rivers (Figure 1). Their plumes spread over a 
large coastal area (Warrick and Fong, 2004) and the 
discharge contributes significantly to  the deposits.

Changes in the NAO disturb the balance between the 
dry summer season and w et w in te r season and cause 
large variations in the amounts o f fluvial and eolian 
sediments transported to the Gulf o f Cádiz. Ideal 
tools to study this terrigenous fraction are XRF (Haug 
et al., 2001; Kuhlmann et al., 2004) and grain-size 
analysis (Prins et al., 2000; Stuut et al., 2002; Stuut 
and Lamy, 2004).

The biogenic fraction o f the sediment is restricted 
to carbonate and organic material: since trade w ind 
related coastal upwelling is restricted to a narrow 
5-km band on the shelf (M itte lstaedt, 1991) -  a much 
smaller zone compared to  regions in the northern 
Gulf o f Cádiz (Ruiz and Navarro, 2006) and towards 
the southern Canary Islands (Pelegri et al., 2005) -  
there is a general lack o f siliceous upwelling indicators 
such as diatoms in the Gulf o f Cádiz (Abrantes, 1988).
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Carbonate is produced by coccoliths and foraminifers 
which are both excellent paleoceanographic tools 
in the Gulf o f Cádiz (Sierro et al., 1999; Colmenero- 
Hidalgo et al., 2002; 2004; Caralp, 1988; Schönfeld, 
2002; Rogerson et al., 2004), and can be used to 
characterize variations o f the NAO along the Iberian 
margin (Álvarez et al., 2004). The organic m atter 
contains biomarkers such as alkenones and has been 
used fo r sea surface tem perature (SST) reconstruc­
tion (Cacho et al., 2001). Additionally, membrane 
lipids o f Crenarchaeota, i.e. glycerol dialkyl glycerol 
tetraethers (GDGTs), can be used as independent SST 
proxy (Schouten et al., 2002; Huguet et al., 2007; Kim 
et al., 2008).

The aim o f this study in the southern Gulf o f Cádiz 
is to
(1) register variations in the terrigenous fraction 

using XRF and grainsize measurements,
(2) docum ent the variations o f the marine produc­

tiv ity  by studying relative and absolute abundances 
o f coccolithophores and the ir biomarkers,

(3) record palaeotemperatures using the UK' 
(alkenones), TEX86 (GDGTs) indices and m orpho­
logical data o f coccoliths, and

(4) to  integrate the micropaleontological, geochemi­
cal and sedimentological observations into a 
model o f paleoclimate variations in the southern 
Gulf o f Cádiz linked to  variations in the NAO 
index.

2. Material and methods

Gravity core GeoB9064-l (35°24,91'N, 6°50,72'W; 
702 m w ater depth, 544 cm recovery) was collected 
in 2003 during the RV Sonne cruise S0175 to  the Gulf 
o f Cádiz (organised by MARUM, Bremen, Germany) 
(Kopf et al., 2004). The core analysed in this study is 
located on the Moroccan continental margin, in the El 
Arraiche mud volcano fie ld in the southern part o f the 
Gulf o f Cádiz (Van Rensbergen et al., 2005; Foubert 
et al., 2008). As the core lies outside the influence 
o f the Meditteranean O utflow  plume, which is cha­
racterised by strong hydrodynamics (Rogerson et al.,
2005), it has the potential to  contain a relatively un­
disturbed palaeoceanographic record compared to 
cores w ith in  or close to  the Mediterranean Outflow

plume.

2 .1 Stable oxygen isotopes and radio­
carbon dates

The stable oxygen isotope (5180 ) composition o f 
the planktonic foram inifera Neogloboquadrina pachy­
derma  (dextral) was measured w ith  a Finnigan MAT 
251 mass spectrometer. Twenty individual tests >150 
pm were picked fo r each measurement. The isotopic 
composition o f the carbonate sample was measured 
on the C02 gas evolved by trea tm ent w ith  phosphoric 
acid at a constant tem perature o f 75°C. For all stable 
oxygen isotope measurements, a working standard 
(Burgbrohl C02 gas) was used, which had been cali­
brated against PDB by using the NBS 18, 19 and 20 
standards. Consequently, all 5180  data given here 
are relative to  the PDB standard. Analytical standard 
deviation is about ±0.07 % o  (Isotope Laboratory, De­
partm ent o f Geosciences, University o f Bremen).

Six AMS radiocarbon dates were measured on a 
mixed assemblage o f planktonic foram inifera at Kiel 
AMS and Poznan Radiocarbon laboratories (Table 1). 
All dates were converted into calendar years using 
CalPal w ith  the CalPal-2005-SFCP calibration curve 
(Weninger et al., 2006). Accumulation rates are cal­
culated by the formula:

AR= N * SR* DBD

where:
AR = accumulation rate in kyr1.cm 2 

SR = sedimentation rate in cm .kyr1 

DBD = dry bulk density in g.crrv3

The dry bulk density was estimated from  w et GRA 
bulk densities measured on unsplit core sections as 
they passed through the GRA (gamma-ray attenua­
tion) bulk densiom eter using sampling periods and 
intervals o f 2 s and 4 cm, respectively. The gamma-ray 
source was 137 Cs. The w et GRA bulk densities were 
compared (calibrated) w ith  bulk densities measured 
on discrete samples (classical moisture and density 
measurements (MAD): measuring w et mass, dry 
mass and dry volume (gas pycnometer) o f discrete 
samples).
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Table 1 Radiocarbon dates fo r sediment core GeoB9064-l from  
the Moroccan margin.

Depth
(cm)

Lab number 14C age 

(BP)

STD

(yr)
Cal Age p (68%)
(cal BP (0=AD1950))

STD

(yr)

4 Poz-20282 2095 30 2070 50
74 KIA-10065 9665 55 11020 140

169 KIA-13060 12660 80 15000 180

289 Kl A-23840 23440 180 28220 220

399 Kl A-29420 29020 315 34190 550

524 KIA-35660 35260 625 40720 900

2.2 Grain-size analysis and end-mem­
ber modelling

In order to  separate the terrigenous sediment 
fraction fo r grain-size analysis, organic carbon and 
CaC03 were carefully removed using respectively 
H20 2 (30% at 85°C) and HCI (10% at 100°C). M icro­
scopic analyses revealed tha t this method success­
fu lly  removed all biogenic constituents. Grainsize 
analyses o f the bulk sediments were carried out w ith  
a Malvern Instruments Mastersizer 2000 (Malvern 
laser particle sizer), equipped w ith  a 300-mm focal 
length lens. A sample o f ~500 mg was suspended in 
demineralized w ater by stirring. A subsample was 
taken from  this suspension w ith  a 10 ml pipette and 
introduced into the sample cell o f the laser particle 
sizer. All samples were suspended in the sample cell 
by stirring and ultrasonic dispersion fo r 15 s before 
analysis. The measured size distributions in the range 
0.26-2046 pm were analyzed in 66 size classes. The 
terrigenous sediment fraction from  the Southern 
Gulf o f Cádiz is relatively fine-grained (<170 pm), 
therefore the number o f input variables fo r the end- 
member model is reduced from  66 to 47 size classes 
in the range 0.29-170 pm. End-member modelling 
o f compositional data (Weitje, 1997) can be applied 
to the measured grain-size classes to  recognize and 
separate distinct patterns (end-members) in the 
grain-size d istributions o f the terrigenous fraction. 
To estimate the m inimum number o f end-members 
required fo r a satisfactory approximation o f the data, 
the coefficients o f determ ination were calculated. 
The coefficient o f determ ination represents the pro­
portion o f the variance o f each grain-size class tha t 
can be reproduced by the approximated data. This 
proportion is equal to  the squared correlation co­

efficient (R2) o f the input variables and the ir approxi­
mated values (Weitje, 1997; Prins and W eitje, 1999).

2.3 Organic carbon and carbonate  
analysis

For the analysis o f the to ta l organic carbon (TOC) 
content o f the sediments, 25 mg o f the sample 
material was decalcified w ith  6 N HCI, dried on a hot 
plate at 80°C and measured in a Heraeus-CHN ele­
m entary analyzer. The carbonate contents were cal­
culated from  the to ta l carbon (TC) content, measured 
w ith  the CHN analyzer on untreated samples, as:

CaC03 = (TC - TOC) * 8.333

w ith  a standard deviation o f <2% o f the measured 
value fo r TOC as well as fo r TC measurements.

2.4 XR F analysis

XRF data were measured directly at the core 
surface o f the working half o f the core using the 
Avaatech XRF core scanner installed at the MARUM 
at the University o f Bremen (Röhl and Abrams, 2000). 
All XRF scanner measurements were carried out w ith  
a X-ray tube voltage o f 20 kV which allows the analysis 
o f elements from  K through Sr. Element intensities o f 
Fe, Ti and Ca were analysed at 1 cm resolution. A 30 
second count tim e was used fo r the measurements 
together w ith  an X-ray current o f 0.087 mA. The 
acquired XRF spectrum fo r each measurement was 
processed by the KEVEX™ software Toolbox®. The 
resulting data are presented as elem ent intensities in 
counts per second (cps).

Spectral analyses have been carried ou t using 
the Blackman-Tukey (BT) Method w ith  a Welch 
W indow  (Blackman and Tukey, 1958). It is based 
on the standard Fourier transform  o f a truncated 
and tapered (to suppress spectral leakage) auto­
covariance function. Linear interpolation o f the 
record was necessary before BT spectral analysis. 
Significance levels were set at 95% confidence 
intervals.
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2.5 L ip id  extraction

W et sediment samples were freeze-dried 
fo r biomarker-analysis to  circumvent significant 
losses (sensu McClymont et al., 2007). A fter hom o­
genization, the sediments (8-13 g dry weight) were 
extracted three times fo r five min. by using a mixture 
o f dichlorom ethane:m ethanol (9:1) w ith  a DIONEX 
accelerated solvent extractor (ASE 200) at a tem pera­
ture o f 100°C and a pressure o f 7 .6 x l0 6 Pa. Extracts 
were dried over a sodium sulphate column. The total 
extract was chromatographed in several fractions and 
activated Al20 3 was used as stationary phase. Hexane/ 
DCM (1:1) was used to  elute the ketone fraction con­
taining the alkenones. Methanokdichlorom ethane 
(1:1) was used to  elute the polar fraction containing 
the glycerol dialkyl glycerols tetraethers (GDGTs).

2.5.1 Aikenone analysis

Alkenone fractions were manually injected on a 
Agilent 6890N gas chromatograph equipped w ith  a 
50 m CPSil CB column (internal diameter: 0.32 mm, df 
= 0.12 pm). Helium was used as a carrier gas. Initial 
tem perature was 70°C, which was increased at a rate 
o f 20°C/min to  a tem perature o f 200°C and then to 
320°C at a rate o f 3°C/min. The peak areas o f C 
and C alkenones were determ ined by GC analysis. 
The alkenone unsaturation index UK37 was calculated 
from  Uk37 = (C37:2)/(C37;2 + C37;3), where C37;2 and C37;3 
are areas o f the di- and triunsaturated C37 methyl 
alkenones (cf. Prahl and Wakeham, 1987). The UK37 
values were converted into SST values by applying the 
global core top calibration (UK37 =0.033 x SST + 0.044) 
o f M üller et al. (1998). Saponification o f selected 
alkenone fractions was performed to check if there 
was co-elution o f alkenones w ith  o ther components, 
but Uk37 remained the same. An internal standard, 
anteiso C22 (concentration 29.8 pg/m l), was added 
at the appropriate tim e to  determ ine the concentra­
tions o f alkenones.

2.5.2 GDGT analysis

Aliquots o f polar fractions were blown dry under a 
stream o f nitrogen, redissolved in hexane/isopropanol 
(99:1; v/v), and filte red through 0.45 pm PTFE filters. 
The GDGT analysis was performed by high perfor­

mance liquid chrom atography/atmospheric pressure 
positive ion chemical ionization mass spectro­
m etry (HPLC/APCI-MS). The conditions fo r HPLC-MS 
analysis are as described in Hopmans et al. (2000) and 
Schouten et al. (2007). Quantification was achieved 
by integration o f the peak areas in the respective 
[M+H]+ and [M +H ]++ l (i.e. protonated molecule 
and isotope peak) traces o f the GDGTs. TEX86 values 
were calculated according to the formula given by 
Schouten et al. (2002). A known am ount o f the C46 
GDGT internal standard was added fo r the determ i­
nation o f the concentration o f GDGTs (cf. Huguet et 
al., 2006b). In addition, the BIT index (Branched and 
Isoprenoid Tetraether index) based on the relative 
abundance o f non-isoprenoidal GDGT derived from 
bacteria in soils, was used fo r the quantification o f 
the relative fluvial input o f terrestria l organic m atter 
(Hopmans et al., 2004).

2.6 Coccoliths

A to ta l o f 109 samples at a resolution o f 5 cm were 
studied and cover the entire sequence. The samples 
were prepared follow ing the m ethodology o f Okada 
(2000). At least 400 specimens were determ ined and 
counted per slide w ith  a JEOL 6400 Scanning Electron 
Microscope (SEM). Florisphaera profunda  and Gla­
diolithus flabe lla tus  were not counted due to  the 
difficulties o f identification o f not very well preserved 
specimens. Species tha t could not be determ ined to 
genus level were counted as Indeterm inate spp. The 
effects o f dissolution may also lead to difficulties dis­
tinguishing E. huxleyi coccoliths from  G. muellerae 
coccoliths, but the use o f scanning electron m icro­
scopy overcomes this problem (Findlay and Flores, 
2000).

Absolute abundances were calculated using the 
form ula o f Lototskaya (1999):

where:

V, * S f * N '
N  = ------  — L----------

V2* n s*S '*m DBD

N = absolute abundances of coccoliths g_1 dry sediment 

V = volume of tapwater used for filtering
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5f = effective filtration area

N' = number of counted coccoliths

V2 = volume of the solution;

ns = number of counted square fields

S' = area of the field

m DBD = we'ght of a bulk sediment sample (in g)

The number o f coccoliths was converted into Coc- 
colith-carbonate contents based on mean estimates 
o f coccolith masses (Young and Ziveri, 2000). Since 
the mass o f coccolith species varies considerably, size 
calibrations are necessary (Baumann, 2004). M ultip le 
measurements o f the length o f the most im portant 
taxa were analyzed as described by Baumann et al.
(2003), and were converted into mass estimates using 
the method o f Young and Ziveri (2000) (Table 2). The 
am ount o f carbonate produced by coccolithophores 
was calculated using the mass estimates in Table 2.

For the b iom etric analysis, the method described 
by Colmenero-Hidalgo et al. (2002) was followed. 
One hundred specimens o f Emiliania huxleyi were 
randomly chosen in each sample, and distal shield 
lengths were measured under SEM, at a magnifica­
tion o f 20000X. The measurements were performed 
w ith  an accuracy o f one tenth  o f a micrometer.

3 Results

All raw data are included as Supplementary data.

3.1 Chronostratigraphic framework

To construct an age model fo r core GeoB 9064-1, 
the stable oxygen isotope and Ti XRF record were 
tuned to  the GISP 2 isotope record and the radiocar­
bon dates using Analyseries 2.0 (Paillard et al., 1996) 
(Figure 2). One aberrant age (28220 cal. yrs BP at 289 
cm) can be attributed to  reworking o f foraminifera 
(e.g. Broecker et al., 2006) and can be related to 
Heinrich Event 2. This age was therefore discarded. 
A visual inspection o f the foram inifer assemblage 
confirm ed this observation. The age-depth curve can 
be compared w ith  the age-depth curve from core 
M39008 situated in the northern Gulf o f Cádiz (Cacho 
et al., 2001) (Figure 2) and sedimentation rates were 
calculated.

The record ranges from 41300 to  1600 cal. yrs BP 
and spans the Last Glacial Maximum, Bplling/Allerpd 
(BA), Younger Dryas (YD) and Heinrich event (HE) 1 to 
4 (Figure 2). The sedimentation rates vary between 8 
and 34 cm/kcal years, and are lower than sedimen­
tation rates o f core M39008 (Figure 2). Given the 
range o f sedimentation rates, the coccolith sampling 
interval yields a tem poral sampling resolution 
between 200 and 800 yrs, w hilst the resolution fo r 
XRF analysis results in a tem poral resolution between 
41 and 256 yrs.

3.2 Grainsize analysis

The median grain size varies between 6 and 12 pm 
(Figure 3). There is relatively fine-grained mud de­
position during the Holocene and BA, and relatively 
coarse-grained during the glacial period, and more 
particularly during HEs, which confirms observations 
o ff Senegal (Mulitza et al., 2008) and o ff Mauritania 
(Tjallingii et al., 2008). Coefficients o f determ ination 
(r2) can be plotted against grain size fo r models w ith  
2 -10  end-members (Figure 4 B-C). The tw o end- 
mem ber model (r2 =0.56) shows low r2 (<0.6) fo r4 mean • 4 1

the size classes 8 -16 pm and >56 pm. The three end- 
mem ber model (r2=0.77) shows low r2 fo r the size 
range >85 pm only. However, fo r the choice o f the 
num ber o f end-members, the coarse end (>85 pm) 
can be ignored because it comprises less than 1.2% 
weight o f the mass o f the samples (Figure 4 A). The 
three end-m ember model provides the best compro­
mise between the num ber o f end-members and r2.

The grain-size d istributions o f the three end-mem­
bers show tha t all end-members have a clearly defined 
dom inant mode (Figure 4 D). End-member EM3 has 
a modal grain size o f ~5.8 pm. End-member EM2 has 
a modal grain size o f ~ 16 pm. End-member E M I has 
a modal grain size o f ~ 25 pm. The downcore record 
o f the relative contributions o f the end-members 
shows tha t end-m ember E M I varies between 0 and 
28%, EM2 between 16 and 52% and EM3 between 42 
and 84% (Figure 3).

3.3 % Carbonate, % TOC, % Terrig­
enous and accumulation rates

The TOC content varies between and 0.36 and
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Table 2 Specimens measured, lengths, shape factors ks (Young and Ziveri, 2000), and masses o f selected species

Species Individuals measured Length (pm) ks Mass (pg)

E m ilian ia  hux ley i 5756 3.65 0.020 2.62
Gephyrocapsa m ue lle rae 5608 3.41 0.050 5.35

Calcidiscus lep topo rus 1509 6.95 0.080 72.51

C occolithus pe lag icus 247 10.52 0.060 189.10

Gephyrocapsa oceanica 305 4.93 0.050 16.14

U m be llosphaera  spp. 130 5.71 0.015 7.54

Calcioso lenia  spp. 86 2.75 0.035 1.98

H elicosphaera  spp. 432 9.13 0.050 102.85

S yracosphaera pu lch ra 218 5.79 0.030 15.70

0.68% and the carbonate content varies between 24 
and 42% (Figure 5). Since no biogenic silica is present, 
% Terrigenous can be estimated from % Carbonate 
and % TOC using the follow ing equation: % Terrige­
nous = 100% - % Carbonate + % TOC. The terrigenous 
fraction varies between 58 and 75%. % Carbonate 
and % TOC show relatively sim ilar fluctuations w ith 
decreases during HE and increases during intersta- 
dials, whereas % Terrigenous shows opposite fluc­
tuations. Accumulation rates o f all three components 
show sim ilar fluctuations, and accumulation rates o f 
both organic carbon and carbonate show correspon­
dences to the ir concentrations, whereas fo r terrige­
nous accumulations, there are obvious discrepancies 
w ith  % Terrigenous (Figure 5).

3.4 X R F  analysis

The Ca record (cps/total counts) is comparable to 
the % Carbonate record, and shows a linear relation 
to  % Carbonate (% Carbonate = 83.40 * Ca -  0.945, 
R2 = 0.92) (Figures 5 and 6). This is sim ilar fo r the 
Fe record, which shows a good correlation to  % Ter­
rigenous (% Terrigenous = 90.70 * Fe + 20.34, R2 = 
0.91) (Figure 6). The measured relative iron intensity 
(counts/s) reflects the original iron deposition, as 
the X-ray fluorescence analysis detects Fe atoms ir­
respective o f the ir oxidation state. Moreover, the 
Ti record shows a nearly identical pattern as the Fe 
record (Figure 5), so there is no evident indication fo r 
diagenetic alteration (Kuhlmann et al., 2004). Ca and 
Ti records show opposite fluctuations. The Ti record

shows distinct maxima during HEs. The Ti record also 
shows very sim ilar fluctuations as the UK37 SST recon­
struction (Figure 5) and a close linear regression (UK37 
SST= -803.3 * Ti + 32.61, R2=0.775) (Figure 6), when 
removing tw o  outliers. As the continuous Ti-record 
evidences o f no strong diagenetic alteration, this 
record was used fo r tim e series analysis.

3.5 B iom arker analysis

3.5.1 Concentrations and accum ula­
tions o f alkenones and marine GDGTs, 
and B IT  index

Alkenone concentrations vary between 0.06 and 
0.96 pg/g sediment. High values o f alkenone concen­
trations are recorded during the warm interstadials 
while during cold stad iais the concentrations decrease 
(Figure 7). M inim um  alkenone concentrations are 
recorded during HEs. Marine GDGT concentration 
varies between 0.2 and 1.1 pg/g. Fluctuations are 
sim ilar to alkenone concentrations, w ith  decreases 
during HEs. Accumulation rates o f both biomarkers 
show sim ilar fluctuations as concentrations. The BIT 
index is always < 0.08 and thus indicates a relatively 
low am ount o f terrestria l organic m atter (Hopmans 
et al., 2004).
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Figure 2 The chronostratigraphy o f core GeoB9064-l established by ty ing the (b) stable oxygen isotope record measured on 
N. pachyderma (dextral) and (c) Ti XRF counts per to ta l counts to  (a) the GISP 2 ô18Ojce record, usingthe (d) Age-depth curve o f core GeoB9064-l 
compared with the northern Gulf o f Cádiz (M39008) w ith  radiocarbon dates (squares). One date is discarded because o f reworking o f Fora­

minifera, and is shown crossed ou t in the figure, (e) Sedimentation rate (SR) (cm/kcal. years). HEs are shaded.

3.5.2 Uk37 and TEX86 temperature re­
construction

The obtained UK37 SST curve (Figure 8) shows a 
relatively sim ilar trend to the stable oxygen isotope 
data (Figure 6 A, R2=0.76). Temperatures are rela­
tively stable during the Holocene, w hile abrupt shifts 
occurred during the glacial period. SST oscillations 
during the Flolocene are smaller than 2°C (19-21°C) 
and are close to the present-day annually mean SST

o f 18.9°C, w hile reconstructed SSTs o f the glacial 
period range between 11 and 18°C. Termination I 
starts w ith  a tem perature increase o f 4°C, is inter­
rupted by a distinct drop o f 4°C during the YD, until 
it reaches a peak o f 21°C (10°C to ta l warming). The 
TEX86-derived SST is slightly higher than those recon­
structed w ith  Uk37. However both SST records reveal 
the same tem perature trend (R2=0.73). The TEX86-de- 
rived SST shows an even stronger correlation to  the
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stable oxygen isotope data (R2=0.83) than alkenone- 
derived SST. Changes in TEX86-derived SST during the 
Holocene are smaller than 2°C (21-23°C), while SST 
o f the glacial period range between 15 and 21°C.

3.6 Coccoliths

3.6.1 Coccolith relative abundance data

The assemblages in the area o ff Northwest Africa 
are typical fo r tem perate w ater conditions, dominated 
by placolith-bearing species such as Emiliania huxleyi, 
Gephyrocapsa muellerae and Calcidiscus leptopo­
rus. There is a m inor contribution o f subtropical as­
semblages which are characterized by Discosphaera 
tubifera, Rhabdosphaera clavigera, Umbellosphaera 
spp. and Syracosphaera spp.

Thirty-six coccolith species were identified, but 
only tw o species reach relative abundances o f more 
than 15 % (Figure 9): Emiliania huxleyi (15-76%) and 
Gephyrocapsa muellerae  (3-66%). The la tter corre­
sponds to  the "Gephyrocapsa cold" morphotype o f 
Bollmann (1997). Other im portant species are Calci­
discus leptoporus (max. 6%). Species w ith  low relative 
abundances are Gephyrocapsa oceanica (max. 4%), 
Umbellosphaera spp. (max. 3%), Syracosphaera spp. 
(max. 3%), Helicosphaera w allichi (max. 3%), Umbili­
cosphaera sibogae (max. 3%), Coccolithus pelagicus 
ssp. pelagicus (max. 3%), Oolithotus antillarum  (max. 
3%), Oolithotus frag ilis  (max. 2%), Gephyrocapsa 
ericonii (max. 2%), Helicosphaera carteri (max. 2%), 
Syracosphaera pulchra  (max. 2%), Braarudosphaera 
bigelow ii (max. 1%), Acanthoica  spp. (max. 1%), Cal­
ciosolenia brasiliensis (max. 1%), Umbilicosphaera 
fo liosa  (max. 1%) and Coccolithus pelagicus ssp. 
braarudii (max. 1%). Species o f relative abundances 
o f less than 1% are Rhabdosphaera clavigera, Syra­
cosphaera anthos, Discosphaera tubifera, Calcioso­
lenia m urrayi, Reticulofenestra sessilis, Acanthoica 
biscayensis, Syracosphaera lam ina, Reticulofenestra 
parvula, Helicosphaera pavimentum, Coronosphaera 
mediterranea, Hayaster perplexus, Pontosphaera spp., 
Pontosphaera syracusana, Scyphosphaera apsteinii, 
Syracosphaera ampliora, Syracosphaera molischii, 
Pontosphaera discopora, Umbilicosphaera hulbur­
tiana, Pontosphaera m ultipora  and Neosphaera

coccolithomorpha, presently known as alternate life- 
stage o f Ceratolithus cristatus (Cros et al., 2000). All 
the determ ined species are listed in Appendix I.

On average, 10% o f the coccoliths could not be de­
term ined to genus level because o f dissolution, frag­
m entation or overgrowth and were counted as inde­
term inate spp. Coccolith preservation is moderate. 
Following the classification o f Roth (1983), etching 
and overgrowth varies from minimal to  moderate.

The dom inant taxa E. huxleyi and G. muellerae 
are characterized by very rapid abundance changes 
in the investigated interval. Increases in relative 
abundances o f E. huxleyi are synchronous w ith 
decreases o f G. muellerae and vice versa (Figure 9). 
The b iom etric analysis shows tha t FIE are character­
ized by peaks o f large E. huxleyi (>4 pm) (Figure 10). 
C. leptoporus, Umbilicosphaera spp., O. frag ilis  and 
Umbellosphaera spp. have been grouped as warm 
w ater taxa (Colmenero-Flidalgo et al., 2004), as well 
as D. tubifera  and R. clavigera (W inter et al., 1994). 
G. oceanica has been associated w ith  warm ing in the 
Mediterranean (Weaver and Pujol, 1988) and the 
Arabian Sea (Doose-Rolinski et al., 2001), and shows 
sim ilar fluctuations as the w arm -w ater taxa (Figure
8). Coccolithus pelagicus pelagicus has been asso­
ciated w ith  cold-water conditions (Pa rente et al., 2004) 
and shows a significant peak during H I (Figure 3). 
HEs are also characterized by peaks o f Helicosphaera 
spp. (Figure 9), indicating cold-water conditions.

About ~1% o f the coccoliths are reworked, mainly 
o f Cretaceous age. A maximum o f 8% is noted during 
H I (Figure 9). The reworked Cretaceous coccoliths 
indicate erosion and redeposition o f material origi­
nating from  the Moroccan shelf or coastal outcrops 
and neighbouring mud ridges and mud volcanoes 
(Ferreira et al., 2008).

3.6.2 Coccolith concentration and ac­
cumulation rates

The number o f coccoliths per gram sediment 
ranges from 6.5x10s to  3 .0 x l0 10 and consist mainly 
o f f .  huxleyi (9 .6x l07-2 .3 x l0 10) and G. muellerae  coc­
coliths (1 .8x l08-3 .8 x l0 9). Colmenero-Flidalgo et al.
(2004) studied coccoliths in core M39029-7 in the 
northern part o f the Gulf o f Cádiz, and found similar 
to ta l coccolith abundances, ranging from  1.8x10s
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Figure 10 Morphological variations o f the length o f E. huxleyi. Left shows the average length (pm), whilst relative contributions (%) o f the 
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to  5 .9 x l0 9. Accumulation rates o f coccoliths range 
between 1 .4x l010 and 3.9xlOn coccoliths.kyr1.cm 2, 
w ith  2 .09x l09 to  2.68xlOn coccoliths o f E. huxleyi 
.ky r1.cm"2 and 3 .37x l09 to  1.97xlOn coccoliths of
G. muellerae.k y r1.cm'2.

The tota l carbonate produced by coccolithophores 
over the last 41 kyr is on average 0.044 g/g sediment, 
which is 14% of the tota l carbonate budget (Figure 5). 
This am ount gradually decreases to  11% from  41.5 
kyr until YD, and reaches an average o f 28% in the 
Holocene. Local minima are observed during the HE. 
The remaining carbonate can be attributed to  Fora­
minifera.

4. Discussion

4.1 Reconstruction o f  hydrological 
variations

Eolian sediments deposited in the deep sea close 
to  the continent are coarser grained than hemipe- 
lagic sediments (Koopmann, 1981; Sirocko, 1991; 
Prins and W eitje, 1999). Terrigenous sediments w ith  
mean grain sizes larger than 6 pm are generally at­
tribu ted  to  eolian transport, and smaller than 6 pm 
to  hemipelagic transport. This is based on deep-sea 
sediment studies (Koopmann, 1981; Sarnthein et al.,
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1981; Sirocko, 1991; Prins and W eitje, 1999; Prins et 
al., 2000) as well as sediment-trap studies (Clemens, 
1998; Ratmeyer et al., 1999). Consequently, EM1 
and EM2 are considered to  be o f eolian origin, while 
EM3 is interpreted as a hemipelagic mud settled 
ou t o f suspension from  nepheloid layers. The 
nepheloid layers tha t produced EM3 may originate 
from  the ephemeral rivers draining the M iddle Atlas 
Mountains. It is assumed tha t continental runo ff is 
the main supplier o f hemipelagic mud, and tha t the 
sediment input by both continental runoff and eolian 
dust is determ ined by variations in the hydrology o f 
the area. However, it should be mentioned tha t local 
hydrodynamic variations and bottom  current varia­
tions in the study area m ight have also an influence 
on the sorting and the grain size d istribution.

The eolian component can thus be expressed 
as 1-EM3, and shows sim ilarities to  the Fe and Ti 
XRF record (Figure 3). Enhanced heavy minerals, as 
indicated by Ti contents, are related to  arid conditions 
in Africa (Zabel et al., 2001). Furthermore, enhanced 
Fe supply is associated w ith  hematite, which is linked 
w ith  increased eolian input (Rogerson et al., 2006). 
This suggests relatively arid conditions during the 
glacial period, more particularly during HEs and YD, 
and more humid conditions during the Holocene and 
interstadials (e.g. BA). The coarser median grain size 
in these periods m ight have been fu rthe r boosted by 
enhanced bottom  current activity over the southern 
Gulf o f Cádiz during glacial times (Foubert e ta l., 2008). 
M ajor arid-humid transitions have been documented 
in African continental records at 15-14.5 kyr BP and
11.5-11 kyr BP by Gasse (2000) and are visible in the 
Ti record. Increased hum idity is also indicated by the 
peak occurrence o f Braarudosphaera bigelow ii after 
H I (Figure 9) which indicates a low  salinity event 
(Bukry, 1974; Siesser et al., 1992), probably caused 
by a sudden increase in rainfall, and is coincident 
w ith  a peak in sedimentation rate (Figure 2).

4.2 Productiv ity  reconstruction

Changes in hydrological conditions are also 
reflected in productivity variations. Warm, humid 
conditions result in enhanced nutrien t supply in the 
Gulf o f Cádiz, which increases prim ary productivity. 
These increases in productivity during the humid in­

terstadials are well expressed in the accumulations 
o f G. muellerae  (Figure 7). G. muellerae is nowadays 
known as a coastal species associated w ith  enhanced 
nutrien t input, e.g in the Alborán Sea (Bárcena et al., 
2004) and the South Atlantic (Boeckel et al., 2006; 
Boeckel and Baumann, 2008). Accumulations o f bio­
markers (alkenones, GDGTs) and organic carbon show 
sim ilar fluctuations as accumulations o f G. muellerae 
(Figure 7), and can also be related to higher primary 
productivity during interstadials in the Alborán Sea 
(Cacho et al., 2000). Since accumulations o f terrige­
nous material and carbonate also show sim ilar fluctu­
ations, these relationships suggest tha t this enhanced 
productivity is coupled to  enhanced organic carbon 
preservation through the "m ineral ballast" hypothe­
sis (Thunell et al., 2007) and partly explains enhanced 
preservation during interstadials, although absence 
o f oxygenated bottom  waters should also be taken 
into account (Cacho et al., 2000). Furthermore, pro­
nounced productivity peaks occur during the BA and 
around 35 kcal, yrs and coincide w ith  precession 
minima (Figure 7).

Cold, arid conditions are reflected in enhanced 
upwelling, which is observed in the southern Gulf 
o f Cádiz as filam ents south o f the Strait o f G ibraltar 
(Vargas et al., 2003). Although a general lack o f 
diatoms is observed in the area downcore (Abrantes, 
1988; this study), enhanced abundances o f the large 
variant o f E. huxleyi (> 4 pm) are associated w ith  
intrusion o f turb id , cold waters during stadials (HE), 
which reflect upwelling conditions (Colmenero- 
Hidalgo et al., 2002), which could be related to  m i­
grations o f the Azores Front (Rogerson et al., 2004). 
This is observed downcore in the Gulf o f Cádiz (Col­
menero-Hidalgo et al., 2004) and is confirm ed in this 
study. Furthermore, fo r this area enhanced abun­
dances o f small E. huxleyi (<4 pm) are associated 
w ith  warm, o ligotrophic conditions, since this has 
been observed elsewhere (Ziveri and Thunell, 2000; 
Andru le it e t al., 2008), also in the o ligotrophic Medi­
terranean (Ziveri e t al., 2000). This fits  w ith  the ob­
servation tha t relative abundance changes o f small E. 
huxleyi are synchronous to o ligotrophic w arm -water 
taxa (Figure 9 and 10). Increased degradation can be 
observed during HEs, reflected in decreased percen­
tages o f organic carbon and carbonate and accumu-
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latioris o f G. muellerae and biomarkers. Possibly also 
the shift to  the more robust large E. huxleyi can be 
explained partly by effects o f carbonate dissolution. 
E. huxleyi has been known to  be strongly influenced 
by carbonate diagenesis in the Mediterranean Sea 
(Crudeli e t al., 2004).

Upwelling is also reflected in the grain size mea­
surements (Figure 3). The ratio o f the coarse versus 
the fine eolian member (EM1/(EM1+EM2)), reflec­
ting the eolian grain size, is interpreted as a measure 
o f the intensity o f the northern trade winds, which 
transport the eolian dust. The eolian component 
(EM1+EM2) isa measure fo rth e a m o u n t o f deposited 
material. These parameters show tha t trade wind 
activ ity was intensified during the stadials linked to 
increased upwelling. The eolian com ponent shows 
relatively sim ilar fluctuations to the relative abun­
dances o f large E. huxleyi (Figure 3 and 10). Also, it 
can be noted tha t during H I and YD there was a large 
am ount o f deposited eolian dust, trade w ind activity 
was weaker, compared to  previous HEs. This is likely 
related to  the higher sea-level at these times.

Two mechanisms are thus responsible fo r pro­
ductiv ity variations: humid interstadials increase 
coccolith productivity and preservation, w hile cold, 
tu rb id  stadials decrease productivity and preserva­
tion. This signal is modulated by the precessional 
signal: decreased seasonality (precession minima) 
causes warm, wet, eutrophic conditions and increased 
seasonality (precession maxima) instigates cold, arid, 
o ligotrophic conditions.

4.3 Temperature reconstructions

Uk37 SSTs are sim ilar but slightly lower than 
alkenone SST reconstructions from  core M39008 by 
Cacho et al. (2001). Differences between TEX86 and 
Uk37 SST can be related to  subsurface production 
o f GDGT's (Fluguet et al., 2007), lateral transport o f 
alkenones (M ollenhauer et al., 2006; 2008), fluvial 
input o f terrestria lly derived isoprenoid GDGTs 
(Weijers et al., 2006) or different growing seasons 
o f the biomarker source organisms (Fluguet et al., 
2006a). Subsurface production would be reflected as 
lower tem peratures recorded by GDGTs, which is not 
the case. Lateral transport o f alkenones is possible, 
although it has not been observed in a nearby NW

African core (M ollenhauer et al., 2005; 2008). Fluvial 
input is also possible since the correspondence o f 
UK' SST to  the stable oxygen isotope curve suggests 
possible influence o f salinity on this tem perature 
record (Figure 6 A), although the BIT index is quite 
low (<0.08). The sim ilar accumulations o f both com­
ponents (Figure 7) suggest no differences in growing 
season.

The SST trends are also im printed into changes 
o f relative abundances o f warm w ater coccoliths (G. 
oceanica and grouped w arm -w ater taxa), next to  the 
cold w ater indicators, large E. huxleyi (>4 pm) and C. 
pelagicus pelagicus (Figure 8). The b iom etric analysis 
confirms the observations o f Colmenero-Hidalgo et 
al (2004), tha t HEs are associated w ith  peaks o f large 
E. huxleyi (>4 pm). Furthermore, the significant peak 
o f C. pelagicus pelagicus during H I coincides w ith 
the maximum o f reworked coccoliths (Figure 9), and 
can be associated w ith  intrusions o f subpolar water 
(Narciso et al., 2006).

Also, the linear regression between Ti XRF and 
UK' SST suggests a strong relation between tem ­
perature fluctuations and changes in the terrigenous 
record. Time series analysis o f the Ti XRF suggest tw o 
main cycles o f deposition o f the eolian component of 
respectively 1000 and 585 years (Figure 11), which 
resembles the 1375 and 607 cycles observed by 
Rogerson et al. (2006) in the northern Gulf o f Cádiz.

5. Conclusion - the 
paleocl imato logica l model

The proxies enable to construct a paleoclimate 
model (Figure 12). Variations o f the North Atlantic 
Oscillation (NAO) index can be related to latitudinal 
shifts o f the westerly w ind system, causing rapid hy­
drological variations in the Mediterranean Sea (Sán- 
chez-Goni et al., 2002; Moreno et al., 2004).

Negative NAO indices are related w ith  a higher 
hum idity in the Gulf o f Cádiz. During w et periods, 
higher river induced nutrien t influx causes a G. 
muellerae  dominated flora w ith  high productivity 
o f coccolithophores, the ir biomarkers (alkenones), 
GDGTs, carbonate and organic carbon. A positive 
feedback by enhanced mineral ballasting and the 
absence o f cold w ater intrusions cause enhanced
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Figure 11 Spectral analysis o f Ti XRF record. Two significant cycles o f 1000 and 585 years are observed (shown in red). Significance levels were
set a t 95 % confidence intervals.

preservation. There is a strong precession modu­
lation o f the productivity signal, w ith  production 
maxima during precession minima. These w et inter­
stadial periods coincide w ith  relatively w arm er tem ­
peratures (Uk37 and TEX86 SST). The resulting deposits 
are fine-grained, carbonate rich and hem atite poor.

Positive NAO indices can be related to enhanced 
arid ity in the Gulf o f Cádiz. Ti XRF and eolian com­
ponents in core GeoB9064-l show rapid fluctuations 
o f the arid ity record, w ith  more arid glacial condi­
tions and particularly strong trade w ind strength and 
hem atite rich layers during HEs (Figure 3). Enhanced 
upwelling is reflected in a shift to  larger forms o f E. 
huxleyi and cooler tem peratures (UK37 and TEX86 SST). 
Lower accumulations o f coccoliths and biomarkers

are explained by decreased coccolithophore pro­
ductiv ity coupled w ith  increased degradation. The 
degradation is caused by increased bottom  w ater 
oxygenation due to intrusion o f cold waters coupled 
w ith  decreased ballasting. Furthermore, the relation 
between the independent proxies Ti XRF and UK37 
SST suggests a rapid transfer between atmospheric 
and oceanic processes, since climatological fluctua­
tions on the continent and in the ocean are synchro­
nously recorded. Two cycles o f 1000 and 585 years 
are recorded in the Ti XRF signal.

Changes o f the NAO oscillation are thus well 
expressed in the southern Gulf o f Cádiz, w ith  pro­
nounced positive phases during stadials and negative 
phases during interstadials, modulated by precession 
changes.
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Figure 12 Paleoclimatological model depicting climatic variations recorded in the sediment o f the southern Gulf o f Cádiz.

Addit ional in fo rmat ion

Coccoliths fro m  core G eoB 9064-l w ere  extracted, 

counted and m easured by Kenneth M ertens and 

Heleen Vanneste a t G hent University, b iom arkers 

w ere  m easured and qu an tified  by Kenneth M ertens 

at the  Royal N e therlands Ins titu te  fo r  Sea Research 

(Texel, The N etherlands). XRF analysis and spectra l 

analysis was done by Anneleen Foubert. Grain-size

m easurem ents w ere  done by Kenneth M ertens at 

Hydraulic Research Laboratory, B orgerhout, end- 

m em ber m odeling  o f th is  data was done by Jan-Be- 

rend S tuut. Stable oxygen isotopes w ere  m easured 

by Claudia W ienberg  at Bremen University, rad iocar­

bon dates w ere  m easured by Kiel and Poznan Radio­

carbon labora tories. In te rp re ta tions  w ere  done by 

Kenneth M ertens. This chap te r w ill be subm itted  to  

Palaeogeography, Palaeoclimatology, Palaeoecology.
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CHAPTER 3

Determining the absolute 
abundance of dinoflagellate cysts 
in recent marine sediments: 
the Lycopodiummarker-grain
method put to the test
ABSTRACT

A bso lu te  abundances (concen tra tions) o f d ino flage lla te  cysts are o ften  de te rm ined  th rou gh  th e  ad d ition  o f 

Lycopodium  c lava tum  m arker-grains as a spike to  a sam ple be fore  palynolog ica l processing. An in te r-lab o ra to ry  

ca lib ra tion  exercise was set up in o rd e r to  tes t th e  com parab ility  o f results ob ta ined  in d iffe re n t labora tories, 

each using its ow n p repa ra tion  m ethod . Each o f th e  23 labo ra to ries  received th e  same am o un t o f hom ogenized 

splits o f  fo u r Q ua te rnary  sed im ent samples. The sam ples o rig ina te  fro m  d iffe re n t loca lities and consisted o f a 

va rie ty  o f litho log ies. D inoflage lla te  cysts w ere  extracted, counted , and re la tive  and abso lu te  abundances calcu­

la ted. The re la tive  abundances proved to  be fa ir ly  rep roduc ib le , n o tw iths tan d ing  a need fo r  taxonom ic  ca libra­

tion . By con trast, excessive loss o f Lycopodium  spores du ring  sam ple p repa ra tion  resu lted in n o n -re p rod uc ib ility  

o f absolute abundances. Use o f ox ida tion , KOH, w arm  acids, acetolysis, mesh sizes larger than  15 pm  and long 

u ltrason ica tion  (> lm in )  m ust be avoided to  de te rm in e  rep roduc ib le  absolute abundances. The results o f th is  

w o rk  th e re fo re  ind ica te th a t th e  d ino flage lla te  cyst w o rke r should make a choice be tw een using the  proposed 

standard m e thod  w h ich  circum vents critica l steps, adding Lycopodium  tab le ts  a t th e  end o f th e  p repa ra tion  o r 

using an a lte rna tive  m ethod .

1. In t roduc t ion

D inoflage lla te  cyst concen tra tions are an im p o rta n t 

com p on en t o f pa leoceanographical stud ies (e.g. 

Pospelova e t al., 2006; González e t al., 2008b) and 

can be de te rm in ed  using th e  vo lu m e tric  m ethod  (e.g. 

Dale e t al., 2002; H o lzw arth e t al., 2007). In general, 

d ino flage lla te  cyst concen tra tions are calcula ted by 

adding a know n a m o un t o f exotic m arkers o r a "sp ike" 

to  every sam ple according to  the  m e thod  described 

by S tockm arr (1971). The m arker com m on ly  used 

is Lycopodium  c lava tum  Linnaeus (Stag's Horn 

C lubmoss o r G round Pine).

As no ted by Lignum e t al. (2008), th e  so-called 

's tandard ' pa lynolog ica l processing m ethods are still 

very  variab le  in te rm s o f in itia l sam ple sizes, type  and 

concen tra tion  o f acids, sieve m ateria l and mesh size, 

son ica tion tim e  and s treng th , num ber o f decanting 

cycles and use o f heavy liqu id  separa tion. This is 

also apparen t in reviews o f th e  p repa ra tion  tech ­

niques fo r  ex traction  o f d ino flage lla te  cysts given by 

W ood e t al. (1996) and m ore recen tly  by Riding and 

Kyffin-Hughes (2004). However, c ritica l eva luation  o f 

the  e ffec t o f  d iffe re n t la bo ra to ry  procedures on the  

m arke r grain techn ique  fo r  ob ta in ing  d ino flage lla te  

cyst concen tra tion  has so fa r never been a ttem p ted .
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Although it has been reported tha t several processing 
methods such as sonication and chemical treatm ents 
can in flic t damage on organic-walled microfossils 
to  a certain extent (e.g. Schrank, 1988; Hodgkinson,
1991), the effect on palynomorph concentrations 
remains unknown.

This study aims to test the reproducib ility o f the 
marker-grain m ethod, in order to understand the 
discrepancies in the results fo llow ing d ifferent prepa­
ration techniques. Similar efforts to  test the reprodu­
cib ility o f specific laboratory techniques have been 
done fo r other microfossil groups: benthic and plank­
tonic foram inifera (Zachariasse et al., 1978), diatoms 
(Wolfe, 1997), nannofossils (Herrie and Bollman, 
2004) and the ir biomarkers (Rosell-Melé et al., 2001). 
It is therefore tim ely to carry out a sim ilar exercise 
w ith  dinoflagellate cysts.

Surface sediment samples from  four localities 
(North Sea, Celtic Sea, NW Africa and Benguela) were 
sent to  23 laboratories. The samples were processed 
using the palynological techniques routinely used 
in these laboratories. An equal am ount o f Lycopo­
dium  tablets, all from  the same batch, were added 
to  each sample. The reproducib ility o f both absolute 
and relative abundances fo r dinoflagellate cysts is 
here put to  the test, and has resulted in a proposal 
o f recommendations fo r a standardized method 
to  determ ine absolute abundances o f Quaternary 
dinoflagellate cysts w ith  the marker-grain method. 
Two laboratories used the volum etric method (Dale, 
1976) fo r comparison purposes. This study focuses 
additionally on w hether it is necessary to count 300 
or 400 dinoflagellate cysts and on taxonomy, since 
notable interlaboratoria l differences in nomencla­
ture  were recorded.

2. Material and methods

Late Quaternary surface sediment samples from 
four sites w ith  d ifferent lithologies were used by 
the 23 d ifferent laboratories involved in the project. 
The North Sea sample consisted o f a homogenized 
surface sediment taken using a Reineck boxcorer 
(51.47°N, 3.48°E, 10 m w ater depth). The Celtic Sea 
sample was assembled through mixing m ulti-corer 
samples from  Station 8, collected during several

tim e slots from the Celtic Sea (51.05°N, 5.83°W, 86 m 
w ater depth) (M arret and Scourse, 2002). The sample 
from  Northwest Africa was a m ixture o f multicores 
GeoB9504-4 (15.87°N, 16.67°W, 43 m w ater depth) 
and GeoB9503-3 (16.07°N, 16.65°W, 50 m water 
depth). The Benguela sample consists o f a m ixture o f 
sediment samples collected offshore Walvis Bay, at 
a w ater depth o f about 200 m during M eteor cruise 
M63/2. Sample details are given in Table 1. Each 
laboratory was given a number, fo llowed by a le tter 
when the laboratory used more than one processing 
method. Laboratory identification and numbers were 
kept anonymous. A brie f overview o f the methods 
used is described in section 2.1 to  2.5. A special 
variation o f this method is detailed in section 2.6 
and the volum etric method is detailed in section 2.7. 
Details o f the methods used are given in the Supple­
m entary data.

Homogenization was done using the quartile 
method. The samples were oven dried at a tem pera­
ture o f 58°C fo r 24 hours. The Lycopodium  spore 
tablets used are produced and distributed by the 
Subdepartm ent o f Quaternary Geology, University 
o f Lund, Sweden (h ttp ://w w w .geo l.lu .se /kvg /eng /). 
Ten Lycopodium clavatum  tablets o f batch 483216 
(X = 18.583 per tablet, s = ± 1708), were dispatched 
w ith  the samples, and a fixed num ber o f tablets was 
added by each laboratory to  each sample.

2.1 Chemical treatment

Hydrochloric acid (HCI) w ith  a concentration o f
6.5-36% was added fo r the removal o f carbonate. 
Some 20 to  300 ml was used depending on the 
intensity o f the reaction. Cold HCI was used in most 
o f the cases, although some laboratories used hot 
HCI w ith  a tem perature ranging between 42 and 80°C. 
Afterwards, the residue was le ft to  settle (15 min to 
42 h). Laboratories tha t used short settle times at this 
step, used centrifugation or sieving to  concentrate 
the sample. For centrifugation, the rotation speed 
used varied between 1900 and 3500 rpm, and lasted 
between 5 sec to 10 min. Demineralised or distilled 
w ater was used fo r rinsing until pH reached more 
neutral values o f 5 to 7. One to  5 decanting cycles 
w ith  intervals o f 3 to  24 hrs were needed depending 
on HCI concentrations used. To avoid losing residue
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Table 1 Description o f the  samples.

Sample Lithology Dry weight (g) Number of 
tablets added

Number of 
spores added

Stdev spores

North Sea Fine-medium 10 3 55749 2959
Celtic Sea Fine silty sand 10 1 18583 1708
NW Africa Clay 2 2 37166 2416
Benguela Clay 1 4 74332 3417

during decanting, some laboratories used centrifuga­
tion fo r concentration o f the residue. Extensive rinsing 
is necessary fo r the removal o f Ca2+, to avoid calcium 
fluoride (CaF2) precipitation during HF treatm ent. A 
few  laboratories used KOFI fo r neutralization (labora­
to ry  2: 1% KOFI and laboratory 18 b: 10% KOH).

The siliciclastic com ponent o f the samples was 
removed by adding 10 to 250 ml o f hydrofluoric acid 
(HF) w ith  a concentration ranging from  19% to  70%. 
Commonly a concentration between 40 and 50% was 
used. All laboratories used cold HF, except laborato­
ries 12 (42°C), 2 (50°C), 6 (60°C), 10 (70°C) and 23 
(80°C). Settling tim es varied between 12 and 144 hrs. 
A few laboratories repeated the HF trea tm ent up to 3 
times before all silicates were removed.

Before neutralisation, about 10 to 300 ml HCI w ith  
a concentration o f 6.5 to  36 vol% was added fo r the 
removal o f formed fluorosilicates. Mostly cold HCI 
was used, although some laboratories used hot HCI 
w ith  a tem perature ranging between 42 and 100°C. 
The follow ing settling tim e varied between 15 min 
to 72 hrs. Again, laboratories tha t used short settling 
times, used centrifugation. The sample was subse­
quently rinsed w ith  distilled water, until pH reached 
5-7. The rinsing took 1 to  6 decanting cycles w ith  
intervals o f 3 to  24 hrs, depending on the concen­
trations used. Again, to  avoid losing residue during 
decanting, some laboratories used centrifuging for 
the concentration o f the samples. One laboratory 
used KOH for the neutralisation (laboratory 2: 1%). A 
few  laboratories skipped the second HCI treatm ent 
and proceeded directly to  the rinsing w ith  distilled 
w ater until pH reached values o f 5-7 . Several o f 
these laboratories used centrifuging and/or sieving 
fo r concentration o f the samples. During rinsing toxic 
HF was decanted and removed.

One laboratory (laboratory 22b) oxidised three o f 
the samples (excluding the North-W est Africa sample) 
w ith  Schulze's solution (70% n itric  acid saturated w ith  
potassium chlorate).

2.2 Mechanical treatment

Heavy liquid separation fo r the removal o f heavy 
minerals was carried out by a few laboratories. Labs 
10 and 16 used sodium polytungstate (SPT) at specific 
densities to  isolate the palynological fractions.

Between 13 and 1800 seconds sonication was 
used to  break down organic matter aggregates by 
some laboratories. Most laboratories used sonic 
baths (Branson™, Sonimasse™, Sonicor™, Eurolab™). 
Laboratory 8 used a standard oscillating sensor.

2.3 Sieving

Some laboratories pre-sieved before the chemical 
trea tm ent fo r the elim ination o f the coarse fraction 
(mesh size 100,106,120,150 pm) and /o rfine  fraction 
(mesh size 10 ,11 ,15  pm). All the laboratories added 
the Lycopodium tablets before pre-sieving, except 
laboratory 23.

Sieving after the chemical trea tm ent was used to 
remove the fine fraction from  the residue. Calgon 
(sodium hexametaphosphate) was used to  disaggre­
gate the material in a few  cases. The sieve mesh sizes 
used varied from  6 to  20 pm, and meshes were made 
o f nylon, polyester, polymer or steel. The devices used 
were hand, mechanical and w ater pressure pumps. 
Some laboratories sieved w ithou t using a pump.

2.4 Staining and mounting o f  the slides

Staining w ith  a colouring agent enhances contrast 
fo r optical microscopy and can be used fo r the 
detection o f pre-Quaternary specimens (Stanley, 
1966). Safranin-O, Fuchsin or Bismark Brown was used 
by a few laboratories. Not every laboratory stained 
the residue. Finally a few drops o f a copper sulphate 
solution, thym ol or phenol were often added to the 
residue fo r the inhibition o f fungal growth.

Slides were mounted on a heated metal plate 
(65°C) using a pipette, by strewing using a spatula or 
a mix o f both methods. The mounting medium was 
usually glycerin jelly, but sometimes thym ol, Elvacite, 
Eukitt, UV adhesive, or Canada balsam was used. 
Although sealing is not per se necessary (Poulsen et 
al., 1990), nail polish or paraffin wax was used to seal 
the slides to  protect the residue from  degradation by
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dehydration.

2.5 Counting o f  the palynomorphs and  
calculation o f  absolute abundances

Dinoflagellate specimens were counted only when 
they comprised at least half o f a cyst. The same 
criterion was used fo r other palynomorphs, also 
counted by some o f the laboratories. In itia lly 300 
dinoflagellate cysts were counted, and subsequently 
an extra 100 specimens were added. The purpose 
was to  check w hether it is necessary to  count 300 
or 400 dinoflagellate cysts to  obtain representative 
relative and absolute abundances. Indeterm inate 
dinoflagellate cysts were grouped as Indeterm inate 
spp., and were not taken in to  account fo r the calcula­
tion o f the relative abundances, since every observer 
had a d ifferent concept o f w hat counts as an indeter­
minate dinoflagellate cyst, and this would introduce 
observer bias into the relative abundances. Raw 
counts together w ith  a summary o f the methodology 
used are available as Supplementary data.

Absolute abundances o f dinoflagellate cysts were 
calculated fo llow ing the equation by Benninghoff 
(1962):

d x L . x t
c = —   —

L c x w

where:
c = concentration = number of dinoflagellate cysts /  gram

dried sediment. 

dc = number of counted dinoflagellate cysts 

Lt = number of Lycopod ium  spores /  tablet 

t  = number of tablets added to the sample 

Lc = number of counted Lycopod ium  spores 

w  = weight of dried sediment (g)

Maher (1981) devised an algorithm to  calculate 
confidence lim its on microfossil concentrations. A 
slight correction to  this algorithm was made, since 
the current study used sediment weight instead of 
sediment volume. The confidence lim its calculated 
based on this algorithm have a 0.95 probability (Z 
= 1.95). It should be noted tha t these confidence 
lim its are sim ilar to  the tota l error on concentration

proposed by Stockmarr (1971); (Appendix II). These 
confidence lim its can then be used in a statistical 
test to  check w hether microfossil concentrations are 
the same in tw o  d ifferent samples (Maher, 1981). To 
investigate the reproducibility o f results from  the 
d ifferent laboratories, the coefficient o f variation (or 
relative standard deviation) o f all counts o f a par­
ticular sample can be compared. Ideally, the results 
should fall w ith in  the confidence lim its o f Maher 
(1981), and thus the coefficient o f variation calcu­
lated from  these confidence lim its can be used as a 
comparison.

2.6 Specia l methods: the maceration  
tank m ethod (with HF) and the washing  
machine m ethod (without HF)

The maceration tank method (Poulsen et al., 
1990; Desezar and Poulsen, 1994) was used for HF 
trea tm ent by laboratory 20a. O ther processing steps 
are sim ilar to  those used by the o ther laboratories 
and are detailed in Poulsen et al. (1990) and Desezar 
and Poulsen (1994). Each sample is tigh tly  wrapped 
in filte r cloth (25 cm x 25 cm) w ith  a mesh size o f 
10 pm, and the filte r bags are packed in rubber foam 
fo r protection. The samples are placed inside the 
maceration tank and HF is conducted to  the tank in 
PVC tubes. The samples are treated w ith  cold HF for 
7-8 days, after which the HF is drained out through a 
bottom -stop cock and led via PVC tubes directly to  a 
waste-container fo r used hydrofluoric acid.

W ith the washing machine method, used by la­
boratory 20b, no HF is used. Each sample is tigh tly  
wrapped in filte r cloth (25 cm x 25 cm) w ith  a mesh 
size o f 10 pm and and the filte r bags are packed in 
rubber foam fo r protection. The samples are washed 
in a standard household washing machine w ith  a 
standard household washing powder, after which 
carbonates are removed w ith  citric acid at 65°C. Next 
the samples are again given a normal wash w ith  a 
standard household washing powder. Finally the 
remaining minerals are removed by heavy liquid 
separation. This method removes the amorphous 
material very efficiently. Furthermore, since HF is 
not used, siliceous constituents (e.g. diatoms) are 
not destroyed. Heavy liquid separation w ith  zinc 
dibrom ide (ZnBr2) was used at densities o f 2.3, 2.0
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and 1.8 g /m l to remove heavy minerals. In order to 
test the influence o f the specific density o f the ZnBr2, 
the NW African sample from  laboratory 20b, was 
separated using heavy liquid densities o f 1.8, 2.0 and 
2.3 g/m l.

2 .1 Volumetric method

For comparison w ith  the marker-grain method, 
the volume aliquot method was performed by labo­
ratories 6 and 8, fo llow ing Dale (1976). This method 
was not used fo r the North Sea sample because o f 
the d ifficu lty associated w ith  counting a fixed volume 
o f this sample w ith  very low  abundances.

3. Results

3.1 Relative abundance o f  d inoflagel­
late cysts

Quantitative and qualitative disparities between 
assemblages recorded by the laboratories may be 
due to  the different processing methods. It is obvious 
tha t aggressive agents could destroy the more 
sensitive cysts. To check this dependence o f pre­
servation on methodology, it is necessary to  group 
the present species according to the ir resistance to 
degradation. It is assumed tha t both mechanical and 
chemical degradation have sim ilar effects on an as­
semblage. The grouping proposed here is sim ilar to  
the grouping described by Zonneveld et al. (2001). 
Cysts not referred to  by these authors were added 
to a particular group based on the assumption tha t 
comparable morphology (e.g. wall thickness, resis­
tance o f structures against folding) is indicative o f 
sim ilar resistance to decay.

Extrem ely sensitive cysts: cysts o f Alexandrium  
spp., Dalella chathamense, cysts o f Gymnodinium  
spp., Lejeunecysta spp., Polykrikos spp., round brown 
cysts (RBC), Selenopemphix spp., spiny brown cysts 
(SBC), Stelladinium  spp., Tuberculodinium vancamp­
oae and Xandarodinium xanthum.

M odera te ly  sensitive cysts: Lingulodinium

machaerophorum, Operculodinium  spp., Pyxidinin- 
opsis reticulata, Quinquecuspis concreta, Spiniferites 
spp., Trinovantedinium applanatum  and Votadinium  
spp.

Resistant cysts: Ataxiodinium choane, Bitectato­
dinium  spp. Im pagidinium  spp., Nematosphaeropsis 
labyrinthus, Operculodinium israelianum, Pentaphar­
sodinium dalei and Polysphaeridium zoharyi.

It is evident from the dataset tha t some species 
were not recorded by some observers. One obvious 
example is Dubridinium  spp., which was often counted 
by some laboratories as RBC or not counted at all. 
To partly reduce this observer bias, we decided to 
group species into genera or larger groups (Appendix 
III). Averages o f relative abundances were only cal­
culated when at least 300 dinoflagellate cysts were 
counted. The counts from oxidized samples (labora­
to ry  22b) were also excluded, since all heterotrophic 
cysts were destroyed. The average results o f the four 
samples are shown in Table 2. Representative cysts 
from  the four samples are shown in Plate I to  IV.

3.2 Absolute abundances o f d inoflage l­
late cysts

The cyst concentration (absoluteabundance) in the  
North Sea sample ranges from 570 to  3304 cysts/g, 
excluding the outliers: laboratory la  produced a high 
num ber (8342 cysts/g) and laboratory 22b a low 
num ber (278 cysts/g). The average is 1516 cysts/g 
w ith  a standard deviation o f 698 cysts/g (coefficient 
o f variation, V = 46%). The average coefficient o f 
variation from  the confidence lim its o f Maher (1981) 
is 20%. The volum etric method was not used fo r the 
North Sea sample (Table 3).

The cyst concentration (absolute abundance) 
in the Celtic Sea sample ranges from  1240 to  5284 
cysts/g, excluding the outliers: laboratories 14 and la  
produced high numbers o f 75633 and 10961 cysts/g 
respectively, w hile laboratory 20a, 2 and 20b give 
respectively low  values o f 1053, 731 and 501 cysts/g. 
The average is 2583 cysts/g, w ith  a standard deviation 
o f 1342 cysts/g (V = 52%). The average coefficient o f 
variation from  the confidence lim its o f Maher (1981) 
is 25%. Results obtained by the volum etric method
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give estimates tha t are much lower than w ith  the 
marker grain method. For the Celtic Sea these values 
(1,160 cysts/g (laboratory 6) and 1167 cysts/g (labo­
ratory 8)) are even below the lowest value obtained 
by the marker grain method (Table 3).

The cyst concentration (absolute abundance) in 
the NW Africa sample ranges from  4606 to  38357 
cysts per gram, excluding the outliers: labatories 
11, la  and 14 produced very high numbers (168899,

167651 and 129236 cysts/g, respectively). The 
average is 19441 cysts/g, w ith  a standard deviation 
o f 9148 cysts/g (V = 47%). The average coefficient o f 
variation from  the confidence lim its o f Maher (1981) 
is 23%. As before, the volum etric method gave lower 
estimates but w ith in  the range o f the marker grain 
m ethod (11,600 cysts/g (laboratory 6) and 9992 
cysts/g (laboratory 8)) (Table 3).

The cyst concentration (absolute abundance) in the

Table 2 Average percentages o f the fou r samples fo r the different taxa.

Species nam e N o rth  Sea C e ltic  Sea N W  A frica B engue la

R ound b ro w n  cysts (RBC) 3 5 .8  ± 16.0 10 .0  ± 7 .7 3 .4  ± 2.3 6 2 .7  ± 17.0

Sp iny b ro w n  cysts (SBC) 15.5 ± 12.5 1.7 ± 3.3 2.3 ± 2.4 8 .5  ± 8.5

cysts o f  A le x a n d r iu m  spp. 0 .2  ± 0 .3 0.5  ± 0 .9 - 0 .1  ± 0.5

cysts o f  G y m n o d in iu m  spp. 0.3 ± 0 .6 0.3  ± 0 .6 0 .0  ± 0 .1 0 .0  ± 0 .1

S te lla d in iu m  spp. 0.3 ± 0.3 0 .2  ± 0 .2 0 .3  ± 0.3 0 .1  ± 0 .4

Le je unecys ta  spp. 9.5 ± 12.0 1.5 ± 1.6 0 .4  ± 0.5 1.4 ± 1.6

S e le n o p e m p h ix  spp . 5.5 ± 1.7 4 .8  ± 2.1 1.0 ± 0 .6 6.5 ± 6.3

T u b e rc u lo d in iu m  va n ca m p o a e 0.0  ± 0 .1 - 0 .1  ± 0.3 0 .0  ± 0 .1

P o lyk riko s  spp. 6.9 ± 3 .5 5 .7  ± 3 .8 1.2 ± 0 .8 1.1 ± 0 .8

X a n d a ro d in iu m  x a n th u m 0.2  ± 0 .3 0.1  ± 0 .1 0.1  ± 0 .2 0 .0  ± 0 .1

D a le lla  c h a th a m e n s e - - - 0 .0  ± 0 .1

Extremely sensitive cysts (sum) 74 .3  ± 7 .4 24 .8  ± 11.2 15 .4  ± 8 .2 8 0 .6  ± 9 .9

L in g u lo d in iu m  m a c h a e ro p h o ru m 1.5 ± 2.5 0 .7  ± 0 .9 8 6 .2  ± 4 .7 0 .2  ± 0 .5

O p e rc u lo d in iu m  spp . 2.8 ± 1.9 12.3 ± 3 .7 0.5  ± 0 .7 8 .4  ± 6 .6

P yx id in in o p s is  re t ic u la ta 0.0  ± 0 .2 - - -

S p in ife r ite s  spp . 9 .8  ± 3 .5 51 .8  ± 10.7 3.3  ± 1.1 5 .5  ± 3 .2

Q u inquecusp is  c o n c re ta 3.3 ± 2.1 2.3 ± 2.0 0 .1  ± 0.1 1.0 ± 1.5

T rin o v a n te d in iu m  a p p la n a tu m 0.2  ± 0 .4 1.2 ± 1.0 0 .2  ± 0 .3 0.3  ± 0 .4

V o ta d in iu m  spp. 5 .8  ± 6 .6 0.5  ± 0 .7 0 .0  ± 0 .1 0 .7  ± 0 .7

Moderately sensitive cysts (sum) 2 3 .6  ± 7 .2 68 .9  ± 10.7 9 0 .3  ± 4 .2 16 .2  ± 9 .7

N e m a to s p h a e ro p s is  la b y r in th u s 0.0  ± 0 .1 0 .0  ± 0.1 0 .1  ± 0.1 2.1 ± 2.0

Im p a g id in iu m  spp. 0.3 ± 0 .6 0 .15  ± 0 .3 0 .0  ± 0 .1 0 .0  ± 0 .1

O p e rc u lo d in iu m  is ra e lia n u m 0.2  ± 0 .2 0 .0  ± 0.1 0 .4  ± 0 .7 0 .4  ± 0 .7

P e n ta p h a rs o d in iu m  d a le i 0.4  ± 0.5 2 .6  ± 3.5 0 .0  ± 0 .1 0 .2  ± 0 .5

P o ly s p h a e rid iu m  z o h a ry i 0.4  ± 0 .6 0.1  ± 0 .3 0.1  ± 0.5 0 .2  ± 0 .7

A ta x io d in iu m  ch o a n e 0.0  ± 0 .1 0.1  ± 0 .1 0 .0  ± 0 .0 -

B ite c ta to d in iu m  spp. 0 .6  ± 1.1 3.3  ± 2.0 0 .1  ± 0 .2 0 .2  ± 0 .6

Resistant cysts (sum) 0.5 ± 0 .6 6 .2  ± 3 .8 0 .7  ± 0 .9 3.1  ± 2.5
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Benguela sample ranges from  30130 to  298972 cysts/ 
gram, excluding the outliers: laboratory le  produced 
a high number o f 1455988 cysts/g, w hile laborato­
ries 20b and 8 give values as low as 18472 and 15910 
cysts/g, respectively. The average is 144299 cysts/g

w ith  a standard deviation o f 84159 cysts/g (V = 58%). 
The average coefficient o f variation from the confi­
dence lim its o f Maher (1981) is 21%. The volum etric 
method used by laboratory 6 yields 53200 cysts/g 
(w ith in the range above) and 8492 cysts/g by labo-

Plate I. Polykrikos schwartzii extracted from  the North Sea sample using different methodologies. Labs are sorted from  high (upper left 
corner) to  low  abundances (lower right corner). (1) Lab la . (2) Lab 20a. (3) Lab 13. (4) Lab 12. (5) Lab 19. (6) Lab 2. (7) Lab 11. (8) Lab 21a. (9) 
Lab 21b. (10) Lab 22a. (11) Lab 10a. (12) Lab 18b. (13) Lab lb . (14) Lab 16. (15) Labl7. (16) Lab 10b. (17) Lab 18a. (18) Lab 5. (19) Lab 4. (20)

Lab 22b, oxidized. All scale bars are 20 pm.
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ratory 8. The volum etric estimate by laboratory 8 is 
considered to  be an underestimation caused by the 
destruction o f fragile cysts by sonication (see Discus­
sion); (Table 3).

3.3 Reworked dinoflagellate cysts

About 7% o f the recorded dinoflagellate cysts in 
the North Sea sample were reworked. The pre-Qua- 
ternary cysts recorded in the North Sea sample were

Plate II. Polykrikos schwartzii extracted from  the Celtic Sea sample using different methodologies, sorted from  high absolute abundances 
(upper left corner) to  low  absolute abundances (lower right corner) (1) Lab 14. (2) Lab la . (3) Lab 13. (4) Lab 3. (5) Lab 19. (6) Lab 12. (7) Lab 
lb . (8 ) Lab 15b. (9) Lab le . (10) Lab 21b. (11) Lab 21a. (12) Lab 11. (13) Lab 5. (14) Lab 4. (15) Lab 16. (16). Lab 23. (17) Lab 17. (18) Lab 18a.

(19) Lab 20a. (20) Lab 2. All scale bars are 20 pm.
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3

Plate III. Lingulodinium machaerophorum  extracted from  the NW Africa using different methodologies, sorted from high (upper left corner) 
to  low absolute abundances (lower right corner). (1) Lab 11. (2) Lab la . (3) Lab 14. (4) Lab 13. (5) Lab 19. (6) Lab 10b. (7) Lab 21a. (8) Lab lb . 
(9) Lab 12. (10) Lab 17. (11) Lab 21b. (12) Lab 6. (13) Lab l8a. (14) Lab 18b. (15) Lab le. (16) Lab 15b. (17) Lab 22a. (18) Lab 4. (19) Lab 5. (20) 

Lab 20b. (21) Lab 16. (22) Lab 8. (23). Lab 23. (24) Lab 3. All scale bars are 20 pm.
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1

□
Plate IV. Dubridinium  spp. extracted from  the Benguela sample using different methodologies, sorted from  high (upper le ft corner) to  low 
absolute abundances (lower right corner). (1) Lab le . (2) Lab 3. (3) Lab 19. (4) Lab 11. (5) Lab 13. (6) Lab la . (7) Lab 21a. (8) Lab 21b. (9) Lab
6. (10) Lab 16. (11) Lab 18a. (12) Lab 18b. (13) Lab lb . (14) Lab 23. (15) Lab 10b. (16) Lab 17. (17) Lab 10a. (18) Lab 5. (19) Lab 2. (20) Lab 8.

Destructive ultrasonication. All scale bars are 20 pm.

Wetzeliella spp. (dom inant), Glaphyrocysta spp., Cor­
dosphaeridium  spp., cf. Oligosphaeridium  spp. and 
cf. Cribroperidinium  spp. In terms o f absolute abun­
dances, reworking shows the same trends as in situ  
dinoflagellate cyst absolute abundances. Very high 
absolute abundances were recorded in the sample

oxidized by laboratory 22b. This indicates tha t the 
robust pre-Quaternary cysts are more resistant 
to  oxidation. Reworking is very low (less than 1%) 
in the samples from the Celtic Sea, NW Africa and 
Benguela.
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Table 3 Comparison between the marker-grain method and the volum etric method.

M ethod Variable /  sample North Sea Celtic sea NW Africa Benguela

M arker grain m ethod Average (cysts/g) 1516 2583 19441 144299

St dev (cysts/g) 698 1342 9148 84159

Coefficient o f varia tion (%) 46 52 47 58

Coefficient o f varia tion (%) M aher (1981) 20 25 23 21

Volum etric method Average (cysts/g) - 1163 10796 53200

St dev (cysts/g) 5 1137 0

Coefficient o f varia tion (%) 0 11 0

Difference Cysts/g - 1420 8645 91099

% 55 44 63

3.4 Other palynomorphs

Chlorophycean palynomorphs such as Cymatio­
sphaera sp. (not present in Celtic Sea), Pediastrum  
sp., Pterospermella sp. (not present in Benguela), 
Tasmanites sp., Botryococcus sp. (not present in 
Benguela), M ougeotia  sp. (only North Sea), Concen- 
tricystes circulus (only NW Africa), Gelasinicysta sp. 
indet. (only NW Africa) are recorded in low numbers 
in all samples, except the North Sea sample.

Faunal remains such as m icroforam iniferal linings, 
scolecodonts, tin tinn ids, planktonic crustacean eggs 
and invertebrate mandibles were encountered in 
almost every sample. Planktonic crustacean eggs are 
very abundant in the North Sea sample.

Pollen and spores are abundant in the North Sea 
sample. The assemblage is dominated by pollen 
(90%). Non-bisaccate pollen include Quercus, Corylus, 
Betula, Ainus, pollen o f Poaceae, Cyperaceae and 
Chenopodiaceae, whereas bisaccate pollen comprise 
mainly Pinus and Picea. Some Cedrus pollen is 
recorded. Reworked pollen and spores are present in 
low  numbers.

The Celtic Sea sample is dominated by pollen 
(94%). Non-bisaccate pollen comprises mainly pollen 
o f Poaceae, Quercus, pollen o f Ericaceae and Che­
nopodiaceae. Bisaccate pollen is mainly Pinus pollen. 
Reworked pollen and spores are very rare.

The sample from  NW Africa is also dominated by 
pollen (95%). Non-bisaccate pollen comprise mainly 
pollen o f Poaceae, Quercus, pollen o f Ericaceae and 
pollen o f Chenopodiaceae. The bisaccate pollen are 
mainly Pinus pollen. Reworked pollen and spores are

very rare.
The Benguela assemblage is also dominated by 

pollen (99%). Non-bisaccate pollen includes mainly 
pollen o f Poaceae, Asteraceae and Caryophyllaceae. 
Bisaccate pollen is mainly Pinus pollen. No reworked 
pollen and spores were recorded.

Hyphae and fru iting  bodies were counted as fungal 
remains in order to  check w hether the samples were 
infected by fungi. No samples showed significant 
abundances.

The recorded incertae sedis include Cyclopsiel­
la, Halodinium  sp., Hexasterias problem atica  (not 
present in Northwest Africa), M icrhystridium  sp. 
(Celtic Sea and Benguela), Palaeostomocystis sub- 
tilitheca  (North Sea and Celtic Sea), Radiosperma 
corbiferum  (Celtic Sea and Benguela) and Sigmopollis 
sp. (NW Africa). These were more abundant in both 
North Sea and Celtic Sea samples.

Other organisms occurring are the organic linings 
o f calcareous dinoflagellate cysts, thecamoebians 
(North Sea, Celtic Sea), chrysomonad cysts (North 
Sea, Celtic Sea) and diatoms. Diatoms can still be 
present when low concentrations o f HF are used, 
possibly combined w ith  heavy liquid separation, 
which enhances the abundance o f diatoms w ith  low 
densities (laboratory le ; 9; 17). laboratory 20b has 
good recovery o f diatoms, since the samples are not 
treated w ith  HF.
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4. Discussion

4.1 Is a 300 or 400 dinoflagellate cyst 
count suffic ient to reach reliable d iver­
sities and absolute abundances?

There is no general agreement on the number o f 
cysts which should be counted to  obtain reliable data 
fo r diversity and absolute abundance studies. Most 
palynologists usually count 300 cysts per sample, 
which can provide up to  98% confidence (Germerad 
et al., 1968). To check w hether it is necessary to count 
300 or 400 dinoflagellate cysts, results from  counting 
300 cysts, plus an additional 100 cysts are compared 
using absolute abundances, species diversity and the 
Shannon-W iener Index fo r all samples (Table 4). The 
comparison shows tha t the disparities in the results 
are insignificant: averages o f absolute abundances, 
species richness and the Shannon-Wiener Index show 
lim ited changes compared to  the associated standard 
deviations. The statistical test o f Maher (1981) 
indicates tha t all absolute abundances derived from 
the 300 dinoflagellate cyst count statistically produce 
the same concentration as from the 400 dinoflagel­
late cyst count. It can thus be concluded tha t a 300 
dinoflagellate cyst count is sufficient fo r generating 
reliable diversities and absolute abundance data in 
Quaternary studies.

4.2 Reproducib il ity  o f  relative abun­
dances

The standard deviations o f the relative abundances 
observed in the grouping based on cyst preservation 
are always lower than 11.2%. These relatively small 
standard deviations suggest tha t changes in the 
relative abundance counts are caused by observer 
bias rather than by differences in methodology. 
Indeed, the highest standard deviations in the taxo- 
nomical groupings are w ith  the taxa RBC, SBC and 
Lejeunecysta s.I. and since it can be assumed tha t the 
potentia l fo r preservation o f these taxa is similar, it is 
likely tha t the disparities in the counts are the result 
o f observer bias. The high standard deviation fo r 
RBC is probably caused by the high numbers o f the 
morphologically sim ilar Dubridinium  spp. and the un­

fam ilia rity  o f many observers w ith  Dubridinium  spp. 
Furthermore, an unambiguous defin ition o f a round 
brown cyst is still lacking. The same is true fo r the 
spiny brown cysts, and several poorly defined species 
fall w ith in  th is group. All o ther standard deviations 
are lower than 10%, which we consider an accept­
able range fo r completely independent dinoflagellate 
cyst counts. Another possible reason fo r observer 
bias could be related to the use o f d ifferent illum ina­
tion techniques fo r routine counting o f dinoflagellate 
cysts. Comparison o f the use o f phase contrast to in­
terference contrast illum ination to count dinoflagel­
late cysts on the same slides by laboratory 15 revealed 
tha t phase contrast emphasizes the transparent cysts 
(Spiniferites s.I., Operculodinium  s.I., Nematosphae­
ropsis labyrinthus, etc.), w hilst interference contrast 
emphasizes the brown heterotrophic cysts (RBC, SBC, 
etc.). Despite the observer bias, there is no doubt 
tha t dinoflagellate cyst relative abundance counts by 
one single observer are repeatable.

4.3 Explanation o f  outliers in absolute  
abundances

The higher numbers can each be explained by 
examining specific methodologies employed by par­
ticu lar labs. Labs la  and le  lost an excessive am ount 
o f Lycopodium  spores due to the use o f sieving at 20 
pm as shown by Lignum et al. (2008). Labs 11 and 14 
experienced problems w ith  settling after centrifuga­
tion and were not confident tha t the final residues 
were suitable fo r quantitative analysis.

The lower numbers by laboratory 22 b are due to  the 
use o f oxidation, which causes preferential destruc­
tion o f dinoflagellate cysts. Due to the low amounts 
o f material used in the exercise, the maceration 
tank and washing machine method (laboratory 20a 
and laboratory 20b) did not function optim ally and 
yielded atypical results tha t should not be regarded 
as representative. This m ight be due to cysts getting 
attached to  the large filte r cloth (25 x 25 cm) used 
in this technique (see Discussion, assumption eight). 
Furthermore, one o f the samples from  NW Africa 
(laboratory 20b) was separated at specific gravities 
o f 1.8, 2.0 and 2.3 g /m l. At the specific gravities o f 
1.8 and 2.3 g /m l, there were almost no dinoflagellate 
cysts in the slides, whereas ten times more dinocysts
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Table 4 Comparison between the  average results after counting 300 dinoflagellate cysts, and counting 400 dinoflagellate cysts.

Variable/sample North Sea 300 
cysts

North Sea 400 
cysts

Celtic sea 300 
cysts

Celtic sea 400 
cysts

NW Africa 300 
cysts

NW Africa 400 
cysts

Benguela 
300 cysts

Benguela 
400 cysts

Average (cysts/g) 1539 1546 2792 2670 33798 33684 141825 142612
Stdev 767 711 1474 1236 43286 42193 87324 88779
Coefficient o f variation {%) 50 46 53 46 128 125 62 62
Species richness 22.00 22.85 24.26 25.26 14.75 16.50 19.13 20.22
Stdev 4.67 4.79 5.61 6.02 3.64 4.12 4.94 5.27
Shannon-Wiener index 2.25 2.25 2.29 2.29 0.70 0.72 1.94 1.92
Stdev 0.41 0.41 0.30 0.32 0.22 0.23 0.35 0.33

were noted at the specific gravity o f 2.0 g/m l. Further 
investigation is needed to evaluate the effect o f heavy 
liquid separation at d ifferent specific gravities.

For laboratory 8, the use o f a sonic oscillator 
resulted in destruction o f sensitive cysts, again 
yielding lower numbers.

4.4 Reproducib il ity  and accuracy o f  
absolute abundances, excluding the 
outliers

Total cyst count is less dependent on taxonomi- 
cal expertise, and thus probably less influenced by 
observer bias. The d ifferent laboratories participating 
in the current inter-calibration exercise used different 
processing techniques (see Supplementary data). 
The reproducib ility o f estimates o f absolute cyst 
abundances, as expressed as coefficient o f variation 
in Table 2, shows tha t there are differences among 
the 23 laboratories: the coefficients o f variation are 
relatively large (46-58%) and nearly tw ice as high as 
the coefficients o f variations (20-25%) which are cal­
culated from Maher (1981). Our results suggest tha t 
the determ ination o f absolute abundances is mainly 
dependent on processing methodology. In th is light 
the accuracy also needs to be considered: a better 
understanding o f w hat is causing the variation can 
only be achieved when correct absolute abundances 
o f dinoflagellate cysts have been determ ined. To 
estimate w hether the absolute abundances give an 
accurate picture o f the true absolute abundances 
o f the dinoflagellate cysts, results from  the mark­
er-grain method are compared w ith  independent 
methods. When compared to  the volum etric method, 
absolute abundances calculated using the marker- 
grain method, are 44-63% higher (Table 3). In a 
sim ilar study, de Vernal et al. (1987), noted system­

atically higher concentrations from  the marker-grain 
method compared to the results from the volum etric 
m ethod, and they suggested tha t significant losses 
o f Lycopodium  spores (close to  33% on the average) 
took place during labratory procedures. On the other 
hand, in a study on Paleogene sediments, Fleilmann- 
Clausen (1985), found marker-grain estimates varying 
between 70% and 129% o f volum etric estimates and 
on average 2% lower concentration was calculated 
from  the marker-grain method. Our study confirms 
the observation o f de Vernal et al. (1987), and even 
shows larger deviations. It should also be noted, tha t 
counts from strew slides made from unprocessed 
samples show much lower abundances than the 
average absolute abundances from  the marker grain 
method. From these observations, it can be concluded 
tha t w ith  most preparation techniques there are sig­
nificant losses o f Lycopodium  spores, and this is most 
probably the reason fo r higher absolute abundances 
using the marker-grain method. Furthermore, there 
was no evidence o f significant loss o f dinoflagellate 
cysts during the laboratory preparations, except 
when oxidation or very long or destructive sonication 
was used (see below). Thus, in order to  understand 
w hat causes the differences in absolute abundances, 
one needs to consider underlying assumptions. Ten 
assumptions need to be considered.

1) Drying samples does not cause de­
cay

Although drying is often done in palynological pre­
paration, it should be avoided in organic rich sediments, 
where drying causes form ation o f selenite (gypsum, 
CaS04.2FI20 ), by reaction o f calcium carbonate w ith  
sulphuric acid, usually derived from  pyrite decay. 
The form ation o f sulphuric acid significantly affects 
extremely sensitive dinoflagellate cysts. In th is case,
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to  calculate the w eight o f the samples, w et volumes 
should be used, corrected w ith  dry bulk densities. In 
our samples, gypsum crystals were not observed. The 
homogenized samples were oven dried before subdi­
vision into smaller batches and dispatching to  indivi­
dual laboratories. This was done to avoid differential 
drying. However, not all laboratories processed the 
samples exactly at the same time. Samples were dis­
patched in March 2007, and were processed w ith in  
the fo llow ing year. The possibility exists tha t samples 
tha t were processed at a later stage dried ou t more. 
Clustering o f amorphous organic m atter around the 
cysts seems to  occur in more dried out samples (most 
obvious around Lingulodinium machaerophorum  
specimens in Plate III), but there were no clear signs 
tha t this process caused changes in the assemblage. 
This assumption is thus acceptable.

2) Samples are homogenous

It needed testing if samples processed in a similar 
manner yielded reproducible results. All samples 
were processed tw ice by laboratory 21 (a and b). 
w ith  the only difference in preparation the addition 
o f some soap during sieving (Table 5). Following the 
test by Maher (1981), fo r every studied sample, the 
microfossil concentration in the quasi-replicas is the 
same. It can thus be concluded tha t the samples are 
well-m ixed and are homogenous. Furthermore, there 
are few differences between both samples in terms 
o f relative abundances. This assumption is thus ac­
ceptable.

3) A single Lycopodium tablet from  
batch 483216 contains 18583 ± 1708

spores

This reference is given by the supplier (Lund Uni­
versity), and these numbers were calibrated using 
a Coulter counter. Lignum et al. (2008) also used a 
Coulter counter fo r verification and obtained 16971 
± 1251 Lycopodium spores. We dissolved one tablet 
in distilled w ater and sieved on a 0.25 pm M illipore 
filter. The filte r was cut into tw o pieces, mounted on 
a slide and counted under a transm itted light m icro­
scope. On this filter, 16993 Lycopodium  spores were 
counted, which falls w ith in  the range proposed by the 
supplier and Lignum et al. (2008). A sim ilar exercise 
has been done fo r another batch by Staheli and Hen- 
ningsmoen (1981) which found sim ilar results. This 
assumption is thus acceptable.

4) There is no degradation o f  pa lyno­
morphs caused by chemical treatment 
such as oxidation or acid treatments by  
HF and HCI

Since Lycopodium  spores are acetolysed during 
the manufacturing process, they can w ithstand a- 
cetolysis. Effects o f chemicals on Lycopodium  show 
tha t only colour changes are caused by acetolysis 
or HCI trea tm ent (Sengupta, 1975). On the other 
hand, it has been shown tha t acetolysis or oxidation 
selectively destroys the cysts o f the Polykrikaceae 
and Protoperidiniaceae (Reid, 1977; M arret, 1993). 
KOH trea tm ent causes destruction o f the Protoperi­
diniaceae after five minutes (de Vernal et al., 1996, 
and Mertens, pers. obs.) and causes swelling o f the 
palynomorphs. Likewise, methods using H20 2 (Riding 
et al., 2007) result in the destruction o f protoperi- 
diniacean cysts (Riding, pers. comm., Hopkins and

Table 5 The results o f the  counts o f samples processed and counted by Lab 21, processed w ith  one processing technique. According to  the 
statistical test by Maher (1981), the  results are reproducible.

Lab number Variable /  sample North Sea Celtic sea NW Africa Benguela

21a Dinoflagellate cysts/g 1547 2581 27851 172078

95% confidence limits 
(Maher, 1981)

1265-1885 2092-3327 21612-32060 138365-206955

21b Dinoflagellate cysts/g 1447 2723 24929 170888

95% confidence limits 
(Maher, 1981)

1166-1785 2117-3354 19294-28216 135585-200884
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McCarthy, 2002; Mertens, pers. obs.). This has also 
been demonstrated fo r Late Cretaceous peridinioid 
dinoflagellate cysts (Schrank, 1988). Oxidation w ith  
Schulze's solution by laboratory 22b resulted in the 
near complete destruction o f the RBC, SBC and other 
heterotrophs in all samples, and led to  the relative 
enrichm ent o f resistant pollen and reworked non- 
peridinioid dinoflagellate cysts. Cold HF and HCI have 
never been reported to  destroy dinoflagellate cysts. 
However, hot rinses w ith  HCI after the HF treatm ent 
were particularly harm ful to  recent peridinoid cysts 
(Dale, 1976). Palynomorphs treated w ith  warm HF 
clearly showed traces o f deterioration: destruction o f 
delicate structures w ith  fragm entation along sutures 
and changes in wall texture w ith  a thickening o f the 
robust structures (Plate I, 11 and 16, Plate III, 6). It 
can be concluded tha t this assumption is acceptable 
when chemical degradation is m inim ized by using 
only cold hydrochloric and hydrofluoric acid.

5) Sonication causes no mechanical 
degradation o f the pollen and spores or  
dinoflagellate cysts

The extensive use o f ultrasound w ill not harm 
any dinoflagellate cysts according to  Funkhouser 
and Evitt (1959), however, o ther authors report d if­
ferential damage (e.g. Hodgkinson, 1991). This has 
not yet been checked in a quantitative manner for 
dinoflagellate cysts. The use o f a sonic oscillator, 
although dependent on frequency (Marceau, 1969), 
is extremely damaging: the sonication by laboratory 
8 resulted in the destruction o f RBC and SBC in the 
Benguela sample (Plate IV, 20). Laboratory 18a used 
an ultrasonic bath fo r 30 minutes, and this resulted in 
extensive damage to  the cysts. Many cysts were frag­
mented, often w ith  broken or even lost spines and 
were often clustered (Plate I, 17, Plate III, 13, Plate 
IV, 11). In addition m icroforam iniferal linings were 
often fragmented. This assumption is thus accept­
able when an ultrasonic bath is not used fo r too  long. 
A lim it o f 60 seconds is proposed.

6) Centrifugation causes no mechanical

degradation o f  the palynomorphs

No visible signs were noted tha t this technique 
causes degradation o f the cysts. This assumption is 
thus acceptable.

7) Sieving causes no loss o f  pa lyno­
morphs

Lignum et al. (2008) demonstrated tha t sieving 
should be done w ith  a sieve mesh w idth  smaller 
than 15 pm. Our results confirm  this observation. 
Laboratories using nylon sieve w ith  w idths o f 20 pm 
(laboratory la , le ) showed extremely high absolute 
abundances. This suggests tha t significant losses 
o f Lycopodium  spores occurred during the sieving 
process, even larger than the 20% tha t is proposed by 
Lignum et al. (2008). No significant loss o f cysts was 
documented in this study. It is possible tha t cysts o f 
Pentapharsodinium dalei pass through 20 pm sieves, 
this species was present in such low abundances in 
the studied samples to significantly affect relative or 
absolute abundances. This assumption is thus accept­
able when mesh sizes smaller than 15 pm are used.

8) Décantation causes no loss o f pa ­
lynomorphs

An experim ent was done to determ ine how many 
Lycopodium spores were lost during decanting and 
sieving. One gram o f the NW Africa sample together 
w ith  one Lycopodium  tab let, was processed w ith  a 
HCI/HF/HCI cycle, fo llowed by sieving on a nylon mesh 
o f 10 pm. A fter every décantation, the decanted fluid 
was filte red through a 0.25 pm M illepore filter. W hat 
remained on the filte r was counted under a trans­
m itted light microscope. Only Lycopodium  spores 
were le ft on the filters, as well as some amorphous 
organic m atter (Table 6). The number o f spores 
w ill be dependent o f the size o f the filte r used. Ap­
parently 24% o f the Lycopodium spores were lost 
during decanting. This is not surprising, since it is 
w ell-known tha t Lycopodium  spores float (e.g. Salter 
et al., 2002). An extra 1.3% was left on the filte r and 
1% got stuck to handling material (e.g. spatula, tube). 
In the slides only 43.4% o f the Lycopodium  spores 
were found. An additional 30.2% spores were unac­
counted for, and could have been lost during sieving
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and/or could have been obscured by o ther material 
in the slides to  some extent. Because we did not 
expect any significant losses to  occur during sieving, 
we did not capture sieved material during th is experi­
ment. However, we tested sieving a complete Lycopo­
dium  tab le t on 10 pm and capture on a 0.25 pm sieve. 
We found losses to  be 0.79% when gently pouring 
the dissolved tab le t over the sieve and subsequent 
washing, 0.97% when using a hand pump to facilitate 
sieving and 2.01% when using a pipette tip. Lignum 
et al. (2006) recorded losses up to 5.8 ± 1.2% fo r 15 
pm meshes. It can thus be assumed tha t only a small 
part o f the missing spores were pushed through the 
10 pm nylon sieve. Presumably, spores are often 
concealed by being obscured by other material, and 
this plays a more significant role in explaining the 
missing am ount o f spores. Also, it is possible tha t due 
to  the texture o f the exines o f Lycopodium  spores, 
the spores get more easily caught in the sieves than 
sm oother palynomorphs. However, this loss can be 
easily checked by the observer.

Table 6 : Results o f an experiment to  look into the effects o f ma­
nipulations on loss o f Lycopodium spores. Shown is the number o f 
Lycopodium spores lost during each manipulation. It is supposed 
tha t one tab le t contains 18583 spores, so the % is calculated by 
dividing the number o f counted spores by 18583 spores.

Counted Lycopodium % 
spores

HCI treatment:

First décantation 916 4.9

Second décantation 267 1.4

Third décantation 2485 13.4

HF/HCI treatment:

First décantation 6 0.0

Second décantation 143 0.8

Third décantation 650 3.5

Left on filte r (not washed off) 242 1.3

Left in tube + stuck on spatula 187 1.0

Found on slides 8067 43.4

Total 12963 69.8

Missing spores 5620 30.2

9) Pre-sieving causes no losses

It is unclear to  w hat extent presieving causes loss 
o f Lycopodium  spores, although it is evident tha t it 
should be avoided in samples from high productivity

areas, where high production o f amorphous organic 
m atter forms large clusters in the sediment, which 
can be discarded w ith  the large fraction. However; 
it can be easily checked w hether Lycopodium  spores 
were lost. This assumption is thus not acceptable.

10) Heavy liqu id separation causes no 
loss o f  Lycopodium spores

It has been noted tha t density separation w ith 
heavy liquids can cause incorporation o f mineral 
particles modifying the density o f the heavy liquid 
(de Vernal et al., 1996). Litwin and Traverse (1989) 
recommend pyrite to be removed prior to  density 
separation. The results o f th is study do not show 
any obvious difficulties w ith  this processing step, 
although fo r clarity fu rthe r study is suggested.

From these considerations it can be concluded 
tha t a significant am ount o f Lycopodium  spores are 
lost, mainly during decanting and sieving. There is 
little  evidence tha t there is loss o f dinoflagellate cysts 
during these manipulations.

5 Conclusions and 
recommendat ions

• This study was designed as a comparative one, 
where the degree o f variability in preparations could 
be objectively assessed. The laboratories concerned 
agreed to  take part on the basis tha t the results 
w ould be presented anonymously, in order to  ensure 
maximum participation. The point o f this w ork was to 
carefully study the techniques used and to encourage 
best practice in the future. This initial work presents 
a firm  basis fo r more methodological research.

• The exercise demonstrated tha t relative abun­
dances are reproducible, but underlined the urgent 
need fo r taxonomic intercalibration.

• The study also shows tha t counting 300 d inofla­
gellate cysts is sufficient both in terms o f diversity 
and absolute abundances.

• Absolute abundance calculations o f dinoflagel­
late cysts are dependent on processing m ethodol­
ogy, since Lycopodium  spores are being lost during
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Z' N
Preparatory steps

D ry and w e igh  sam ple 
v A dd L  c lavatum  tab le ts

i
Carbonate Removal
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Leave fo r 1 h o u r
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Removal of fluorosilicates
Add 100 m l co ld  10-20%HCi
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.rem oved?^ 
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Mechanical disaggregation
Use u ltrason ic  bath  < 60 s

Figure 1 Flow-chart o f the proposed standardized method. AOM stands fo r amorphous organic matter.
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different processing steps.

• It is possible tha t some o f the laboratories con­
sistently over- or underestimate concentrations. The 
addressed problems in methodology m ight partly 
explain these outliers. Future w ork should elucidate 
possible corrections by detailed investigation o f every 
d ifferent processing step.

• At the current state o f affairs, there are three 
possible choices the Quaternary w orker can make to 
calculate reproducible absolute abundances:

1. S ta n d a rd iz e  m e th o d o lo g y  fo r  th e  e x ­
tra c t io n  o f  d in o f la g e l la ta  c y s ts .

Since samples can be reproducible when one 
fixed methodology is fo llowed (see 4.3), a standard 
methodology is suggested (Figure 1). We consider 
tha t there are critical steps tha t must be avoided in 
this standard method when preparing samples fo r 
d inoflagellate cyst work: the use o f oxidation, KOFI, 
warm acids, acetolysis, mesh sizes larger than 15 pm, 
decanting (substituted by sieving) and sonication 
longer than 1 minute. During sieving, care should 
be taken to  avoid Lycopodium  spores being forced 
through the sieve. A certain degree o f freedom is 
allowed in the number o f HCI and HF cycles, length 
o f ultrasonication (0-60 seconds), duration o f sieving 
and sieve mesh size (6-14 pm), Care should be taken 
to  neutralize HF by d iluting at least ten times before 
sieving. Further studies are required to fine-tune the 
method by focusing on designated issues.

2. A d d in g  L y c o p o d iu m  ta b le ts  a t  th e  e n d  
o f  p ro c e s s in g

The marker grain method is based on the assump­
tion tha t there is no selective loss o f fossil and exotic 
pollen during the procedures. Flowever, this assump­
tion has never been checked. Our study suggests that 
predom inantly Lycopodium  spores are lost, and that 
losses o f dinoflagellate cysts are negligible. Therefore 
the addition o f Lycopodium  tablets at the end o f the 
preparation is suggested, thus lim iting the loss o f Ly­
copodium  spores. Flowever, this method is contrary 
to  spiking w ith  an internal standard before the start 
o f preparation.

3. A lte rn a t iv e  m e th o d s

Alternative methods can be used, but may not 
yield better results. The use o f microbeads was in­
troduced by Ogden (1986), but often results in much 
higher abundance estimates, apparently because 
o f d ifficu lty in sustaining an even suspension o f the 
particles in the stock solution: the higher specific 
gravity o f microspheres causes them to  settle three to 
fou r times more rapidly than pollen grains (McCarthy,
1992). O ther marker-grain methods, such as the Eu­
calyptus globulus marker-grain method (Matthews, 
1969), has also been used (e.g. de Vernal et al., 1987). 
Flowever, it is not known w hether these methods 
give more reliable results. The a liquot method gives 
more accurate results than the Lycopodium  method 
in our study, but unfortunate ly not much is known 
about the precision o f this method.

Addit ional in fo rmat ion

Samples were provided by Karin Zonneveld, 
James Scourse and André Catrijsse, and subsampled 
by Kenneth Mertens and Koen Verhoeven before 
sending o f to  cooperating laboratories. Processing and 
counting o f the samples was done at the cooperating 
laboratories. Interpretations were done by Kenneth 
Mertens. This chapter has been accepted fo r publica­
tion in Review o f  Paleobotany and Palynology.
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CHAPTER 4

Process length variation in cysts 
of a dinoflagellate, 
machaerophorum, in surface 
sediments: investigating its 
potential as salinity proxy
ABSTRACT

A biometrical analysis o f the dinoflagellate cyst Lingulodinium machaerophorum  (Deflandre and Cookson 
1955) Wall, 1967 in 144 globally distributed surface sediment samples revealed tha t the average process length 
is related to summer salinity and tem perature at a w ater depth o f 30 m by the equation (salin ity/tem perature) 
= (0.078*average process length + 0.534) w ith  R2 = 0.69. This relationship can be used to reconstruct palaeo- 
salinities, albeit w ith  caution. The particular ecological w indow  can be associated w ith  known distributions o f the 
corresponding m otile stage Lingulodinium polyedrum  (Stein) Dodge, 1989. Confocal laser microscopy showed 
tha t the average process length is positively related to  the average distance between process bases (R2 = 0.78), 
and negatively related to  the number o f processes (R2 = 0.65). These results document the existence o f tw o end 
members in cyst form ation: one w ith  many short, densely distributed processes and one w ith  a few, long, w idely 
spaced processes, which can be respectively related to  low and high salin ity/tem perature ratios. Obstruction 
during form ation o f the cysts causes anomalous d istributions o f the processes. From a biological perspective, 
processes function to  facilitate sinking o f the cysts through clustering.

1. In t roduc t ion

Salinity contributes significantly to  the density o f 
seawater, and is an im portant parameter fo r tracking 
changes in ocean circulation and climate variation. Pal- 
aeosalinity reconstructions are o f critical importance 
fo r better understanding o f global climate change, 
since they can be linked to  changes o f the therm o­
haline circulation (Schmidt et al., 2004). Quantitative 
salinity reconstructions have been proposed on the 
basis o f several approaches tha t use, fo r example, fo­
raminifera! oxygen isotopes (e.g. Wang et al., 1995), 
5180  based on foraminifera! Mg/Ca ratios andseawater w

5180  (e.g. Schmidt et al., 2004; Nürnberg and Groen-

eveld, 2006), alkenones (e.g. Rostek et al., 1993), the 
modern analogue technique applied to  dinoflagellate 
cyst assemblages (e.g. de Vernal and Hillaire-Marcel, 
2000) and 5D in alkenones (e.g. Schouten et al., 2006; 
van der M eer et al., 2007; 2008). However, none o f 
these approaches is unequivocal (e.g. alkenones; 
Bendle et al., 2005).

Some planktonic organisms are known to  show 
morphological variability depending on salinity, e.g. 
variable noding in the ostracod Cyprideis torosa, van 
Harten (2000) and morphological variation in the coc- 
coliths o f Emiliania huxleyi (Bollman and Herrie, 2007). 
A sim ilar dependence has been reported fo r Lingu­
lodinium machaerophorum  (Deflandre and Cookson,
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Figure 1 D istribution o f the  144 surface samples where Lingulodinium mochoerophorum  
process lengths were studied.

1955) Wall, 1967, the cyst o f the autotrophic dino­
flagellate Lingulodinium polyedrum  (Stein) Dodge, 
1989 which forms extensive harmful algal blooms 
reported from California (Sweeney, 1975), Scotland 
(Lewis et al., 1985), British Columbia (M udie et al., 
2002), Morocco (Bennouna et al., 2002), West Iberia 
(Amorim et al., 2001) and o ther coastal areas. This 
species can be considered a model dinoflagellate 
since it is easily cultured and has been the subject 
o f numerous investigations. An extensive review o f 
these studies was given by Lewis and Hallett (1997).

Process length variation o f Lingulodinium  
machaerophorum  was in itia lly  related to salinity 
variations in the Black Sea by Wall et al. (1973), and 
subsequently investigated in o ther regions (Turon, 
1984; Dale, 1996; Matthiessen and Brenner, 1996; 
Nehring, 1994, 1997; Ellegaard, 2000; Mudie et al., 
2001; Brenner, 2005; Sorrel et al., 2006; M arret et al., 
2007). Kokinos and Anderson (1995) were the first to  
demonstrate the occurrence o f d ifferent biometrical 
groups in culture experiments. Later culture experi­
ments (Hallett, 1999) revealed a linear relationship 
between average process length and salinity, but also 
tem perature.

The process length o f L. machaerophorum  as a 
salinity proxy represents a large potential fo r palaeo- 
environmental studies, since this species occurs 
in a w ide range o f marine conditions (M arre t and 
Zonneveld, 2003), and can be traced back to  the 
Late Paleocene (Head et al., 1996). The aim o f the 
present study was to evaluate w hether the average 
process length shows a linear relationship to salinity 
and/or tem perature, and to  assess its usability 
fo r palaeosalinity reconstruction. To achieve this 
goal, L. machaerophorum  cysts were studied from 
surface sediments collected in numerous coastal 
areas. Confocal laser microscopy was used fo r the 
reconstruction o f the complete d istribution o f the 
processes on the cyst wall, which has im portant 
implications fo r cyst form ation.

2. Material and methods

2.1 Sample preparation and light m i­
croscopy

A to ta l o f 144 surface sediment samples were
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Plate I Lingulodinium machaerophorum  cysts from  Caspian sea (1-5), Aral Sea (6-9), Etang de Berre (10-12). Baltic Sea (13-15) and Scan­
dinavian Fjords (16-24). Specific sample names are 1-4. CP04. 5.US02. 6-7. AR23. 8 -9 . AR17. 10-12. Etang de Berre (19). 13. NG6. 14. NG.
7. 15. NG9. 16. Limfjord. Note inclusion o f Nannobarbophora acritarch. 17. Havstenfjorden 18-19. Guumar Fjord 20-21. G2. 22. K2. 23-24.

Risor Site. All scale bars are 20 pm.
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studied fo r b iom etric measurements o f L. machaero­
phorum  cysts from  the Kattegat-Skagerrak, Celtic Sea, 
Brittany, Portuguese coast, Etang de Berre (France), 
Mediterranean Sea, Marmara Sea, Black Sea, Caspian 
and Aral Seas, northwest African coast, Canary 
Islands, coast o f Dakar, Gulf o f Guinea, Caribbean 
Sea, Santa Monica Bay (California), Todos Santos Bay 
(Mexico) and Isahaya Bay (Japan) (Figure 1). Most 
samples were core top  samples from  areas w ith  
relatively high sedimentation rates, and can be con­
sidered recent, i.e. representing a few  centuries (see 
Supplementary data). Five samples have a maximum 
age o f a few thousand years, but since process 
lengths are as long as processes o f recent, nearby 
samples, these were also considered representative. 
In general, the studied cysts provide us a global view 
o f the b iom etric variation o f cysts formed during 
the last few centuries by L. polyedrum. It is assumed 
here tha t the environmental conditions steering the 
morphological changes w ith in  the cysts are sim ilar to 
recent environmental conditions.

All the cysts were extracted from  the sediments 
according to  maceration methods tha t are described 
in the literature shown in Table 1. Most methods 
used standard maceration techniques involving hy­
drochloric acid and hydrofluoric acid, sieving and/or 
ultrasonication. Regardless o f the method used, the 
cysts all appeared sim ilar in terms o f preservation 
(Plates I—IV).

All measurements were made using a Zeiss Axioskop 
2 and an Olympus BH-2 light microscope, equipped 
w ith  an AxioCam RC5 digital camera (Axiovision v. 4.6 
software) and Color View II (Cell F Software Imaging 
System) respectively, and lOOx oil immersion objec­
tives. All measurements were performed by Kenneth 
Mertens, except fo r the samples from  Portugal, 
which were measured by Sofia Ribeiro (Department 
o f Biology, University o f Copenhagen). Observer bias 
did not influence the measurements.

For each sample, the length o f the three longest 
visible processes and the largest body diam eter were 
measured o f 50 cysts fo r each sample. Measuring 50 
cysts gave reproducible results: insampleGeoB7625-2 
from  the Black Sea, three process lengths per cyst fo r 
50 cysts were measured, and was then repeated on 
50 d ifferent cysts, showing no significant differences

( x  = 13.50 pm ± 2.99 pm and X = 13.21 pm ± 2.62 
pm, t-test: p = 0.37). The length o f each process was 
measured from  the m iddle o f the process base to  the 
process tip . The absolute error in process measure­
m ent was 0.4 pm. W ith in  each cyst, three processes 
could always be found w ith in  the focal plane o f the 
light microscope, and fo r this reason this number 
seemed a reasonable choice. Three reasons can be 
advanced fo r choosing the longest processes. Firstly, 
the longest processes reflect unobstructed grow th o f 
the cyst (see below). Secondly, the longest processes 
allowed to  docum ent the largest variation, and this 
enhanced the accuracy o f the proxy. Thirdly, since 
only a few processes were parallel to  the focal plane 
o f the microscope, it was imperative to make a con­
sistent choice. Sometimes few er than 50 cysts were 
measured, if  more were not available. Fragments re­
presenting less than half o f a cyst were not measured, 
nor were cysts w ith  mostly broken processes.

2.2 Salin ity and temperature data

The biom etric measurements on cysts from 
the d ifferent study areas were compared to both 
seasonal and annual tem perature and salinity at 
d ifferent depths -  henceforth noted as T„ , T , ...r  0m' 10m'

and SQm, S , ... , using the gridded % degree W orld 
Ocean Atlas 2001 (Stephens et al., 2002; Boyer et al., 
2002) and the Ocean Data View software (Schützer, R., 
h ttp ://odv.aw i.de . 2008). For the Scandinavian Fjords, 
in situ data were available from  the W ater Quality As­
sociation o f the Bohus Coast (h ttp ://w w w .bvvf.com ).

2.3 Con focal laser m icroscopy

Confocal microscopy was performed using a Nikon 
C l confocal microscope w ith  a laser wavelength o f 
488 nm and laser intensity o f 10.3%. No colouring 
was necessary since the cysts were sufficiently auto- 
fluorescent. The Z-stack step size was 0.25 pm w ith  
a Pixel dwell tim e o f 10.8 ps. The objective used 
was a 60x/1.40/0.13 Plan-Apochromat lens w ith  oil 
immersion. A fter correcting the z-axis fo r differences 
in refractive index between the immersion oil and 
glycerine je lly  (here a factor o f 78% o f correction 
was used), images were rendered to triangulated
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Plate II Lingulodinium machaerophorum  cysts from  Marmara Sea (1-4) and Black Sea (5-24). Note the  wide range o f morphotypes occurring 
in these samples. Specific sample names are: 1-2. D m l3  3-4. Dm5. 5-6. Knorrl34.72. 7. Knorr 134.51. 8. GGC18. Swollen cyst due to  use o f 
acetolysis. 9-10. Knorr 134.35.11-12.Knorr 134.2. 13-15. B2KS33 0-1. Note merged processes in 13 and 14. 16. B2 KS01 0-1. Note globules at 
basis o f processes. 17-18. All 1464.19. All 1443. 20-21. AII1438. 22. All 434. Note merged processes. 23. AII145.1. 24. GeoB7625. Coloured

w ith  Safran i n-O. All scale bars are 20 pm.
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Plate III Lingulodinium machaerophorum  cysts from  East Equatorial Atlantic (1-7), West Equatorial Atlantic (8), Japan (9-12), Brittanny (13-16), 
Portugal (17-18) and NW Africa (19-24). Specific sample names are: 1. 6437-1. 2-3. 6847-2. 4-5. 6875-1. 6-7. GeoB9503, Dakar. 8. M35003-4. 
9-10. AB22. 11. AB40. 12. ISA2. 13. BV1. 14-15. BV3. 16. BV5. 17-18. Tejo. 19-20. GeoB4024-l. 21. GeoB5539-2. 22-24. GeoB5548. All scale

bars are 20 pm.
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Plate IV Lingulodinium machaerophorum  cysts from  Mediterranean (1-11), Red Sea (12), Celtic Sea (13-16) and Pacific Ocean(17-24). Note the 
widely distributed very long processes in Celtic Sea and Pacific Ocean samples. Specific sample names are: 1. North Adriatic AN71. 2-4. North 
Adriatic AN71. 5-6. Nile Delta. 7. 273.4. 8 . 515.3. 9. 516.6. 10. 521.3. 11-12. Red Sea VA01-200P. 13-14. Station9 6.99. 15. Station 9 5.00. 16. 
Station 9 2.99 w ith  truncated processes. 17. Todos Santos Bay (Mexico). 18-19. Santa Monica Bay, UVic07-896 18 w ith  truncated processes. 

20. UVic07-897. 21-22. UVic07-898. 22 w ith  truncated processes. 23-24. UVic07-902. All scale bars are 20 pm.
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surfaces (.stl files) w ith  Volume Graphics VGStudi- 
oMax® software. These were im ported in Autodesk 
3DsMax®, where XYZ coordinates o f the base and 
top o f the processes were recorded. From these 
coordinates Euclidean distances were calculated, 
enabling the calculation o f the process length and 
the distances between the processes. Distances to 
the tw o closest processes o f each process were calcu­
lated, and by averaging these numbers, the average 
distance between processes was calculated. A more 
detailed description o f the methodology is given at 
http://w ww .paleo.ugent.be/C onfoca l.h tm .

3. Results

3.1 Preservation issues

To establish the valid ity o f the measurements, 
preservation needs to be taken into account. Two 
types o f degradation were considered: mechanical 
and chemical. Three categories were used to describe 
the mechanical degradation o f the cysts: bad (most 
cysts were fragmented or torn , and processes were 
broken), average (about half o f the cysts were frag­

mented or torn, and few  processes were broken, and 
good (few cysts were torn  or fragmented, and were 
often still encysted) (see Table 1).

The differences in mechanical breakdown were, 
from  our experience, largely caused by post-pro- 
cessing treatm ents such as sonication. Prolonged 
sonication, however, does not significantly change 
process length variation. The sample from  Gullmar 
Fjord (average process length o f 14.6 pm, standard 
deviation SD 4.0) was sonicated in an ultrasonic bath 
fo r tw o minutes and the results were not significant­
ly d ifferent from samples tha t were not sonicated 
(average process length o f 14.3 pm, SD 4.1, t-test: p 
= 0.38).

Chemical breakdown, on the other hand, could be 
caused by oxidation or acid treatm ent. L. machaero­
phorum  is moderately sensitive to changes in oxygen 
availability (Zonneveld et al., 2001). Cysts from 
samples treated w ith  acetolysis were clearly swollen 
(Plate 11.8). Most interestingly, both processes and 
cyst body swell proportionately. These samples were 
not used fo r analysis. Similar results were noted after 
trea tm ent w ith  KOFI. These maceration methods are 
not suitable fo r b iom etric studies. Cysts extracted 
using warm HF showed traces o f degradation (see
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Figure 2 Size-frequency spectrum o f 19,611 process length measurements.
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Plate 1.23; Plate 11.24), but process length did not 
change.

3.2 Overall cyst biometrics fo r  the 
multi-reg ional dataset

The 19,611 process length measurements resulted 
in a global average o f 15.5 pm w ith  a standard 
deviation o f 5.8 pm, and a range from  0 to 41 pm 
(Figure 2). Most cysts encountered were compara­
ble to  the forms described by Kokinos and Anderson 
(1995), and bald cysts were rare. The range found is 
clearly broader than the 2 to 21 pm range postulated 
by Reid in 1974. The skewness o f the d istribution was 

-0.12, since there is some tailing at the le ft side o f the 
size frequency curve (Figure 2). The asymmetric dis­
tr ibu tion  was due to  the fact tha t standard deviation 
increased w ith  average process length. This could be 
explained partly by the methodological approach - 
errors on the larger measurements were larger, since 
larger processes were more often curved or tilted  - 
and by the more common occurrence o f cysts w ith 
relatively shorter processes in samples tha t mostly 
contain cysts w ith  longer processes (also evident in 
regional size-spectra, Figure 4).

The 6,537 body diam eter measurements resulted 
in an average body diam eter o f 46.6 pm w ith  a

standard deviation o f 5.8 pm, over a range from  26 
to  77 pm. This was again a broader range than the 
31 to 54 pm given by Deflandre and Cookson (1955) 
and Wall and Dale (1968). This discrepancy could 
be explained partly by cysts sometimes being com­
pressed or torn , yielding an anomalously long body 
diameter. This mechanical deform ation o f the cyst 
explains also a positive skewness o f the size-frequen- 
cy spectrum (Figure 3).

The averaged data o f L. machaerophorum  cysts in 
every region is given in Table 1, sorted from  low to 
high average process length. Individual size-frequen- 
cy spectra are shown in Figure 4 and the cysts are 
shown in Plate 1.4. All measurements are available as 
Supplementary data.

3.3 Comparison o f  process length with 
salin ity  and temperature

Data from  the Scandinavian Fjords and the Katte­
gat-Skagerrak were excluded from  all relations since 
they significantly increased the scatter on all regres­
sions. The reason is given in the Discussion (section 
4.3).

The relation o f the average process length o f 
L. machaerophorum  w ith  only the salinity data, 
fitted  best w ith  the w in te r SQm (R2 = 0.54). When
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Figure 3 Size-frequency spectrum o f 6211 body diameter measurements.
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Figure 4 Size-frequency spectra o f regional process measurements, sorted from  top  (long average processes) to  bottom (short average
processes).
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Figure 5 Regression between average process length and summer S30 m/T30 m for the 144 surface samples.

compared to tem perature data alone, the best rela­
tionship was w ith  the w in te r T50m (R2 = 0.06). A much 
stronger relationship could be found w ith  salinity 
divided by tem perature at a w ater depth o f 30 m 
from  July to September (summer). This relationship 
is expressed as (S30m/T 30m) = (0.078*average process 
length + 0.534), and has a R2 = 0.69 (Figure 5) and the 
standard error is 0.31 psu/°C. Since seawater density 
is dependent on salinity and tem perature, it could 
be expected tha t density would have a sim ilar rela­
tionship w ith  process length. However, the regres­
sion w ith  w ater density at 30 m w ater depth shows 
a stronger relation to  process length (R2 = 0.50) than 
w ith  salinity alone (R2 = 0.42 w ith  summer S ), but 
not better than w ith  S,„ /T  .

30 m 30m

An overview o f the results in the studied areas 
is given in Table 1. Next to  average process length, 
salinity, tem perature and S ^ T  , seawater density 
data are given, and illustrate tha t th is parameter does 
not show a better f i t  than the S,„ /T  ratio. The

3 0 m ' 30m

regression between this averaged data from  each 
region is (S30m/T 30m) = (0.085*average process length 
+ 0.468), R2 = 0.89 (Figure 6).

3.3.1 Process length in relation to body

diameter

No relation between the process length and cyst 
body diam eter was found (R2 = 0.002). This was 
expected since culture experiments also revealed no 
relation between the body diam eter and the salinity 
(Hallet, 1999). Furthermore, no significant relation 
was found between body diam eter w ith  the ratio 
between salinity and tem perature at different depths. 
Variations in cyst body diam eter are probably caused 
mainly by germ ination o f the cyst or compression.

3.3.2 Process length in relation to re la­
tive cyst abundance

Mudie et al. (2001) found a correlation o f R2 = 0.71 
between the relative abundance o f L. machaeropho­
rum  and increasing salinity between 16 and 21.5 psu 
fo r Holocene assemblages in Marmara Sea core M9. 
To check this relationship in our dataset, the relative 
abundances o f L. machaerophorum  were determ ined 
in 92 surface samples. No significant linear relation 
between relative abundances in the assemblages and 
e ither the process length or the body diam eter was 
found. No significant relationship between relative 
abundance and tem perature or salinity data was 
found. This is not surprising since the relationship 
between relative abundances and environmental pa-
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Figure 6 Regression between average process length and summer S30 m/T30 m averaged for every region separately.

rameters is not linear, but unimodal (Dale, 1996), and 
several o ther factors play a role in determ ining the 
relative abundances on such a global scale, mostly 
relative abundances o f other species (closed-sum 
problems).

3.4 Confocal laser m icroscopy

All processes on 20 cysts from  the North Adriatic 
Sea (samples AN71 and AN6b) and one from the 
Gulf o f Cádiz (sample GeoB9064) were measured, 
resulting in 1460 process measurements. The 
average distances between the processes were also 
calculated. A summary o f the results is given in Table 
2. Process length ranged from  0 to 31 pm, which 
differs from  the 1,983 process lengths from the North 
Adriatic Sea samples measured w ith  transm itted light 
microscopy (6 to  34 pm). The shift in the frequency 
size spectra was obviously due to the fact tha t only 
the longest processes were measured (Figure 7). 
Most remarkable was the large peak around 3 pm 
fo r the confocal measurements. Apparently, a large 
number o f shorter processes were present on most 
o f these cysts.

It is notew orthy tha t the num ber o f processes was 
significantly inversely related to the average process 
length (R2 = 0.65) (Figure 8) and the average process

length was significantly related to the average distance 
between the processes (R2 = 0.78) (Figure 9). The 
lower R2 can be explained by the incompleteness o f 
the cysts: all cysts were germ inated and thus lacking 
opercular plates, which can num ber between one 
and five or more in the case o f epicystal archeopyles 
(Evitt, 1985). This implies tha t a large number o f 
processes can be missing, and it would be subjective 
to attem pt a correction fo r the missing processes. It 
was not possible to use encysted specimens since the 
strong autofluorescence o f the endospore o f these 
specimens obscured many o f the least autofluores- 
cent processes. No significant relation was found 
between the body diam eter and the average process 
length (R2 = 0.04), which supports the observation 
w ith  transm itted light microscopy.

4. Discussion

4.1 Process length corre lated to sum- 
m er S3o J T30m: is n realistic?

The quasi unimodal size frequency spectrum o f 
both process length and cyst body diam eter (Figure 
2-3), plus the correlation between the average process
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Table 2 Average process length, standard deviation, number o f processes measured and average distance between process bases from  
confocal microscopy in fu ll measurements

Cyst n u m b e r Sam ple
Average leng th  

(pm )
S tdev leng th  

(pm )
# Processes 
m easured

Body d ia m e te r 
(pm )

A verage 
d is tance  (pm )

2 AN71 9.82 5.78 79 44.53 4.35

4 AN71 7.26 5.72 89 39.84 3.76

5 AN71 15.87 5.06 50 56.89 5.79

7 AN71 9.80 6.36 72 45.11 4.68

9 AN71 17.79 6.41 62 43.25 6.78

10 AN71 10.32 6.49 67 39.95 4.55

11 AN71 12.25 1.90 56 43.26 6.21

12 AN71 6.85 4.82 107 39.34 3.98

13 AN71 11.50 7.26 89 43.32 4.76

14 AN71 15.88 7.27 61 51.76 6.90

15 AN71 13.20 6.19 28 * 40 .54 5.67

16 AN71 15.43 4.19 59 41.93 5.61

17 AN71 12.44 5.43 71 44.69 4.95

2 A N 6 B 11.79 6.09 71 36.38 4.40

4 A N 6 B 9.86 5.47 103 45 .60 4.88

5 A N 6 B 9.14 7.13 102 42.87 4.05

6 A N 6 B 12.17 4.72 76 47.13 4.71

8 A N 6 B 12.53 4.53 58 57.84 5.66

9 A N 6 B 13.07 3.50 51 40.77 5.40

10 A N 6 B 10.30 4.68 76 41 .20 4.44

1 GeoB9064 18.16 6.76 33 36.10 6.24

Average 12.16 5.51 69.52 43.92 5.13

Stdev 3.11 1.33 21.06 5.68 0.91
jj*

This n u m b e r w as n o t used in th e  regression w ith  process leng th , since less th a n  h a lf o f  th is  cyst was preserved.

length and the summer S30m/T 30m, strongly confirm  
tha t all recorded cysts are ecophenotypes o f a single 
species. It is fu rtherm ore  not surprising tha t the most 
significant relation was found w ith  the summer S30m/  
T30m depth. These three extra parameters -  seasonal­
ity, tem perature and depth -  are discussed below.

Late sum m er-early autumn is generally the tim e 
o f maximum stratification o f the surface waters. 
Reduced salinity would enhance the w ater column 
stability w ith  the generation o f a pycnocline, and 
lowered w ater column turbulence, conditions that 
favour grow th o f Lingulodinium polyedrum  (Thomas 
and Gibson, 1990). In most upwelling regions, this 
would coincide w ith  periods o f upwelling relaxation 
(Blasco, 1977). Late summer-early autumn is the tim e 
o f the exponential grow th phase o f Lingulodinium

polyedrum, which coincides w ith  peak production 
o f Lingulodinium machaerophorum  cysts, at least in 
Loch Creran, northwest Scotland (Lewis et al., 1985), 
and in Todos Santos Bay, Mexico (Peña-Manjarrez et 
al., 2005). Culturing suggests tha t the cyst production 
is triggered by nu trien t depletion, and influenced by 
tem perature (Lewis and Hallett, 1997).

The relationship found between process length 
and both tem perature and salinity is not surprising 
since the form ation o f processes can be considered 
a biochemical process (Hallett, 1999), dependent 
on both tem perature (negative relation) and salinity 
(positive relation). The culture experiments by Hallett 
(1999) confirm  a positive relation to salinity and a 
negative relation to  tem perature.

Moreover, the cysts are probably form ed deeper
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Figure 7 Comparison between the  size-frequency spectra from  1460 confocal measurements (CLSM) from  the North Adriatic Sea (samples 
AN71 and AN6b) and from  the G ulf o f Cádiz and 1983 light microscope (LM) measurements from  the North Adriatic.

in the w ater column, which would explain the f i t  to  a 
30 m eter depth. It is well known tha t Lingulodinium  
polyedrum  migrates deep in the w ater column (Lewis 
and Hallett, 1997). A sim ilar vertically migrating di­
noflagellate, Peridiniella catenata, also forms cysts 
deeper in the w ater column, mostly at 30-40 m 
depth (Spilling et al., 2006). These cysts are probably 
form ed w ith in  a range o f w ater depths, and w ith  30 
m depth reflecting an average depth.

The ranges o f tem perature (9-31°C) and salinity 
(12.4-42.1 psu) at 30 meters represent the w indow  
in which cyst form ation takes place. Cultures show 
tha t Lingulodinium polyedrum  forms cysts at salinities 
ranging from  10 to 40 psu (Hallett, 1999), which fits 
w ith  the results obtained in th is study. The relation 
to deeper salinity and tem perature data suggests 
tha t cyst form ation more often than not takes place 
deeper in the w ater column, where salinities may 
be higher and tem peratures lower, which suggests 
tha t caution is needed before linking Lingulodinium  
machaerophorum  cyst abundances directly to near 
surface data. This could explain the occurrence o f 
cysts o f Lingulodinium polyedrum  in regions w ith  
surface salinities as low as 5 psu (e.g. M cM inn, 1990, 
1991; Dale, 1996; Persson et al., 2000).

No better relation was found w ith  density despite

its dependence on salinity and tem perature. Appar­
ently, density as calculated from  salinity and tem per­
ature, and pressure (water depth) by Fofonoff and 
M illard (1983) is much more determ ined by salinity, 
and less by tem perature, whereas we assume tha t 
measured average process length is influenced by a 
combination o f these parameters.

4.2 Transport issues

Lingulodinium polyedrum  occurs in estuaries, 
coastal embayments and neritic environments o f 
tem perate to subtropical regions (Lewis and Hallett, 
1997). However, transport o f the cysts into other 
areas by currents must be considered, and the 
records o f L. machaerophorum  in oceanic environ­
ments have been attributed to reworking or long-dis­
tance transport (Wall et al., 1977). A classic example 
is the upwelling area o ff northwest Africa where the 
cyst has been recorded over a much w ider area than 
the thecate stage (Dodge and Harland, 1991). In this 
study, it was assumed tha t long-distance transport 
was not an im portant factor, since the transported 
cysts would be transported from areas w ith  m inor 
salinity and tem perature differences, which would, 
according to the equation (see 2.3), be reflected in
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Figure 8 Regression between average process length and the number o f processes fo r the cysts measured w ith  confocal microscopy.

negligible changes in process length.

4.3 The problem atic  Kattegat-Skager-  
rak and Scandinavian F jord samples

It is notew orthy tha t the inclusion o f the Kattegat- 
Skagerrak and Scandinavian samples increased the 
scatter o f the regression significantly. Two causes 
can be suggested. Firstly, since most samples plotted 
above the regression line, the average process length 
could be anomalously short. Most probably th is is not 
linked to  a preservation issue, since the average pre­
servation was average to  good (except fo r the Risor 
site), and broken processes were rare. All recovered 
cysts are from  the upperm ost section o f box cores, 
and are thus recently formed. One possible explana­
tion is tha t these specimens are genetically different 
which could result in slightly d ifferent morphologies. 
However, there is no a p rio ri reason why this should 
be so, and this conflicts w ith  the unimodal size-fre- 
quency d istribution o f process length.

Secondly, the used summer S,„ /T  data could7 ’ 30 m 30m

be incorrect, and this can be attributed to several 
causes. On one hand, the cyst production could have 
taken place at d ifferent w ater depths. When surface 
data (S0m/T 0m) fo r the Kattegat-Skagerrak and Scan­

dinavian samples is included in the global dataset 
o f summer S30m/T 30m, the relation between average 
process length is more significant (R2 = 0.61). On the 
other hand, the tim ing o f cyst production m ight be 
d ifferent. L. polyedrum  blooms in fjords are probably 
short-lived, fo llowed by a long resting period (Godhe 
and McQuoid, 2003). As fo r the Kattegat-Skagerrak, 
salinity-driven stratification, w ith  higher salinity 
bottom  waters and low salinity surface waters, could 
result in a very particular environment. In th is way, 
the cysts are form ed probably under specific salinity 
and tem perature conditions, which could explain the 
increase in scatter.

4.4 Confocal measurements and im p li­
cations fo r  cyst formation

The results o f this study lead to  enhanced insight 
into the process o f cyst form ation o f L. machaero­
phorum. Before discussing the implications o f our 
study in detail we summarise the state o f the art 
knowledge on cyst form ation as described by Lewis 
and Hallett (1997) and Kokinos and Anderson (1995). 
The studies o f these authors indicate tha t at the 
start o f the cyst form ation process, the m otile pla- 
nozygote ceases swimming, ejects its flagella, and
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the outer membrane swells. Then, the thecal plates 
o f the planozygote dissociate and are pulled away 
from  the cytoplasm by the ballooning o f the outer 
membrane and underneath this, the form ation o f 
the cyst wall occurs. A layer o f globules (each ~5 
pm across) surrounds the cytoplasm and the spines 
grow outwards taking the globules w ith  them . These 
term inal globules collapse to  form  spine tips and vari­
ations in this process confer the variable process mor­
phology observed. Probably, membrane expansion is 
activated by osmosis (Kokinos, 1994), which causes 
a pressure gradient. According to  Hallett (1999) the 
outer membrane always reaches fu ll expansion, both 
fo r short and long process-bearing individuals. Mea­
surements w ith  confocal laser microscopy clearly 
show tha t a positive relation exists between the 
process length and the distance between processes, 
and a negative relation between the processes length 
and the number o f processes.

These findings lead towards three implications. 
Firstly, the am ount o f dinosporin necessary fo r con­
structing the processes would be constant, at least 
fo r the studied cysts from the Mediterranean Sea. 
However, one needs to  assume tha t the am ount 
o f dinosporin is proportionate to  the number o f 
processes, m ultip lied by the average process length.

This entails tha t tha t the am ount o f dinosporin 
needed fo r form ation o f the periphragm is constant, 
which is reasonable since the body diam eter is inde­
pendent o f process length. Secondly, the good corre­
lation between the average distance and the process 
length, together w ith  the observation tha t globules 
are all form ing simultaneously (Hallett, pers. comm.), 
suggests tha t the process length is predeterm ined. 
Thirdly, these observations suggest the existence o f 
tw o end members: one w ith  many closely spaced 
short processes, and one w ith  a few, more widely 
spaced, long processes (Figure 10). This gradient 
in biometrical groups can also be visually observed 
in transm itted light microscopy (Plate I to  IV) and 
the suggested form ation process fo r the tw o end 
members is illustrated in Figure 11.

In order to  reconcile these observations w ith  ob­
servations from  cultures, the physico-chemical pro­
perties o f dinosporin have to be considered. 
According to  Kokinos (1994), dinosporin consists o f 
a complex aromatic biopolymer, possibly made o f to- 
copherols. However, upon re-analysis, De Leeuw et 
al. (2005) showed the tocopherol link to be untrue. It 
can now be speculated tha t a certain fixed am ount o f 
this precursor m onom er (probably a sugar, Versteegh, 
pers. comm.) fo r dinosporin is distributed across the
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sphere, in such a way tha t a m inimum o f energy is 
necessary fo r th is process. This can occur through a 
process o f flocculation (Hemsley et al., 2004), and is 
dependent on both tem perature and salinity. Fewer 
but larger colloids o f the m onom er w ill be formed 
when S30m/T 30m is higher and these w ill coalesce on the 
cytoplasmic membrane. When many small colloids 
are formed, it m ight occur tha t tw o or more colloids 
merge, and form  one larger process (Plates 11.13,11.15 
and 11.22). This theory can also explain the rare oc­
currence o f crests on cyst species such as Operculo­
dinium centrocarpum, where crests are formed when 
processes are closely spaced. In the next step, the 
visco-elastic dinosporin is synthesized on the globules, 
and stretches out in a radial direction. This stretch­
ing is clearly visible in the striations at the base o f 
the processes. Another result o f th is stretching is the 
form ation o f tiny spinules at the distal tip. These are 
more apparent on the longer processes, and could 
be the result o f a fractal process: w hat happens at a 
larger scale, namely the stretching o f the processes, 
is repeated here at a smaller scale in the stretching o f 
the spinules. However, it is unlikely tha t the stretch­
ing is solely caused by membrane expansion. Hallett 
(1999) indicated tha t the outer membrane expansion 
is independent o f the defin itive process length. Thus 
the stretching is most probably caused by the combi­
nation o f outer membrane expansion and a chemical 
process, sim ilar to the swelling o f cysts caused by 
acetolysis or KOH (see 2.1).

Two types o f cysts deserve special attention. 
Clavate or bulbous process bearing cysts (Plate 1.6; 
Plate 11.11, 11.20) were frequently encountered in 
surface sediments from low salinity environments 
(Black Sea, Caspian Sea, Aral Sea and the Kattegat- 
Skagerrak). They were frequently encountered in 
culture by Kokinos and Anderson (1995), but rarely 
by Hallett (1999). These only seem to  d iffer from 
normal processes, in tha t the globules were not able 
to  detach from  these processes. This is supported by 
the fact tha t the length o f normal processes on cysts 
bearing clavate processes is the same as fo r clavate 
processes.

The second type o f cysts deserving attention are 
the bald or spherom orphic cyst. Lewis and Hallett 
(1997) observed tha t these cysts are not artefacts o f

laboratory culturing, since cysts devoid o f processes 
occur in the natural environm ent o f Loch Creran in 
northwest Scotland. Moreover, Persson (unpubl. ex­
periment, 1996) noted in culturing experiments, tha t 
these cysts are viable, and thus cannot be regarded 
as malformations. Apart from the Aral Sea, very few 
bald cysts were recorded in surface sediments. It 
appears tha t on these cysts, process development 
did not take place. It can be speculated tha t this 
could be caused by a very early rupture o f the outer 
membrane or the inability o f the precursor monom er 
to  flocculate at a very reduced S,„ /T  .1 BOrrr 30m

4.5 Process distribution

The process d istribution on Lingulodinium  
machaerophorum  has been considered intratabular 
to  non-tabular (Wall and Dale, 1968), although some 
authors noted alignment in the cingular area (Evitt 
and Davidson, 1964, Wall e t al., 1973). M arret et al. 
(2004) showed a remarkable reticulate pattern in the 
ventral area on cysts w ith  very short processes from 
the Caspian Sea, suggestive o f a tabular d istribution. 
Our findings indicate a regular and equidistant d istri­
bution o f the processes, w ith  evidence o f a tabula­
tion pattern lacking.

The process length d istribution is not uniform . In 
cultures, cysts are formed at the bottom  o f the ob­
servation chambers, resulting in an asymmetrical dis­
tr ibu tion  o f the processes on the cysts, where shorter 
processes are formed at the obstructed side, and 
longer processes at the unobstructed side (Kokinos 
and Anderson, 1995; Hallett, 1999). When assuming 
tha t a constant am ount o f dinosporin is distributed 
over the cyst body, aberrantly long processes would 
form  at the unobstructed side, and aberrantly short 
processes at the obstructed side. Our observations 
confirm  this phenomenon: cysts from  shallow areas 
show a sim ilar asymmetry. The frequent occurrence 
o f short processes on cysts from  shallow areas in the 
Mediterranean Sea can be explained in a sim ilar way 
(Figure 7). If one measures the longest processes on 
these cysts, values w ill be slightly larger than expected 
from  our equation. This obstruction factor needs to 
be incorporated into our conceptual model (Figure 
10). It is fu rtherm ore  noticeable tha t many o f the 
non-shallow cysts show this asymmetry to a certain
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degree (Plate 1.4), suggesting tha t this obstruction 
could be occurring more generally. The frequent oc­
currence o f short processes along the cingulum could 
also be explained in a sim ilar way, if the cysts were 
to be form ed in a preferred orientation, w ith  the ob­
structed side along the archeopyle.

4.6 Bio logica l function o f morphologica l 
changes?

The final consideration deals w ith  the biologi­
cal function o f the processes. Possible functions 
o f spines on resting stages have been proposed by 
Belmonte et al. (1997), and include flo ta tion , cluster­

ing and enhanced sinking, passive defence, sensory 
activity and/or chemical exchanges and dispersal. 
Since the link between process length and S30m/  
T30m exists and density is also dependent on S30m/  
T30m, it is obvious tha t e ither flo ta tion or clustering 
and enhanced sinking w ill be the most im portant 
biological function o f morphological changes o f the 
processes. Longer processes increase the drag co­
efficient o f the cyst and thus increase floating ability 
according to Stokes' law, but also increase cluster 
ability. However, the longest processes occur in high 
w ater density (high S30m/T 30m) environments, where 
floatation would be easier, which is counterintuitive. 
It seems more logical, then, tha t longer processes are
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Figure 11 Suggested form ation process fo r the  tw o  end members based on observation and documentation by Kokinos and Anderson (1995) 
and Hallett (1999), and theoretical consideration by Hemsley et al. (2004). Monomer is shown in grey, membranes and polymerised coat 
in black. (A-B) The outer membrane starts to  expand, a fixed am ount o f monomer is formed and starts to  coalesce on the  cytoplasmic 
membrane. (C) Depending on environmental parameters (salinity and temperature), a lo t o f small o r a few  large colloids o f the  m onomer are 
formed. (D) Visco-elastic dinosporin is synthesized on the globules and stretches in a radial direction. (E) Membrane expansion often comes 
to  a stop before radial stretching ends. (F) Formation o f longer process takes longer than shorter process formation. (G) Membrane rupture

occurs.

developed to  facilitate sinking (through clustering) in 
environments w ith  high w ater density.

5. Conclusions

• A  to ta l o f 19,611 measurements o f Lingulo­
dinium machaerophorum  from  144 globally 
d istributed surface samples showed a relation­
ship between process length and both summer 
salinity and tem perature at 30 m w ater depth, as 
given by the follow ing equation: (S30m/T30m) = 
(0.078*average process length + 0.534) w ith  R2 
= 0.69. For salinity the range covered is at least 
12.5 to  42 psu, and fo r tem perature 9 to 31°C. To 
establish the accuracy o f this salinity proxy, fu ture  
culture studies w ill hopefully fu rthe r constrain 
th is relationship.

• Confocal microscopy shows tha t distances 
between processes are strongly related to  average 
process length, and tha t the num ber o f processes 
is inversely related to  average process length. 
This suggests a tw o  end-m ember model, one 
w ith  numerous short, closely spaced processes 
and one w ith  relatively few, w idely spaced, long 
processes.

• Processes o f Lingulodinium machaerophorum  are 
hypothesized to biologically function mainly as a 
clustering device to  enhance sinking rates.

Addit ional in fo rmat ion

Dinoflagellatecystswere extracted by the respective 
collaborators. Measurements from  all samples were 
done by Kenneth Mertens, except those from  Portugal 
which were measured by Sofia Ribeiro. Confocal 
images were recorded by Kenneth Mertens, w ith 
assistance o f Dries Vercauteren. The raw confocal 
images were rendered into measurable triangulated 
surfaces using VGStudioMax software by Kenneth 
Mertens at the Centre fo r X-ray Tomography (UGCT). 
Interpretations were done by Kenneth Mertens. This 
chapter has been published in M arine M icropaleon­
tology.
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CHAPTER 5

What drives the distribution of 
cysts of Lingulodinium
ABSTRACT

The biogeographic distribution o f Lingulodinium machaerophorum - cyst o f the corresponding red tide form ing 
m otile dinoflagellate Lingulodinium polyedrum - is delineated by the ratio between summer salinity and tem ­
perature (S/T). The confinem ent to this ratio can be related to a physicochemical process which determ ines the 
morphological variation o f the cyst and inhibits form ation o f the cyst outside the range o f to lerable S/T ranges. 
This finding has far reaching implications fo r studies on harmful algal blooms, paleoclimate reconstructions using 
dinoflagellate cysts, interpretation o f evolutionary trends and palaeobiogeographical zonations and possibly also 
o f o ther plankton groups.

Plankton is known to be sensitive a recorder 
o f climate change since it reacts rapidly to small 
changes in environmental conditions such as tem ­
perature and salinity (Hays et al., 2005). Dinoflagel­
late cysts are the cysts o f unicellular plankton and as 
such show large changes in both assemblages and 
morphology related to  climatological changes (Dale 
and Dale, 2002). In this way, they are considered to 
be useful palaeoceanographical tools to  reconstruct 
late Quaternary palaeoproductivity (e.g. Reichart 
and Brinkhuis, 2003; Pospelova et al., 2006; González 
et al., 2008b).

The species Lingulodinium polyedrum  forms red 
tides in bays, estuaries and river outlets (Lewis and 
Hallett, 1997) and has occasionally been associ­
ated w ith  upwelling conditions (e.g. Blasco, 1975). 
The production o f yessotoxins (YTX) by Lingulodini­
um polyedrum  can cause human health problems 
(Kudela and Cochlan, 2000). The blooms occur in 
spring to summer and are associated w ith  higher 
nu trien t levels, supplied from  a variety o f sources, 
including coastal runoff, upwelling or anthropogenic 
inputs (Lewis and Hallett, 1997) in stratified condi­
tions (Lewis et al., 1985). The late summer produc­
tion o f the cyst, Lingulodinium machaerophorum  is 
likely triggered by nu trien t depletion (Blanco 1995), 
and results in "seed beds", from  where the motiles 
excyst after a mandatory dormancy period (Anderson

and Morel, 1979). Lingulodinium machaeropho­
rum  is well-preserved in the sediments since it can 
be considered as moderately resistant to  oxygen­
ation (Zonneveld et al., 2008), and grazing (Persson 
and Rosenberg, 2003). The absence o f the cysts in 
certain areas where larger river systems occur (e.g. 
NE Pacific, (Radi and de Vernal, 2004) and W hite Sea 
(Novichkova and Polyakova, 2007)) is often explained 
by colder seawater tem peratures in these areas, 
which delineate biogeographical zones (Dale, 1996). 
However, tem perature alone cannot explain the oc­
currence o f the cysts in areas w ith  sim ilar tem pera­
ture ranges but lower salinities such as Kiel Bight 
(Nehring, 1997) or Scandinavian Fjords (Persson et 
al., 2000; Grpsfjeld, and Harland, 2001). Its more 
common presence has indeed often been related 
to reduced salinities in a.o., the British Coast (Reid, 
1972) and the Gulf o f Guinea (M arret, 1994). Also the 
disappearance o f Lingulodinium machaerophorum  
cysts in the Black Sea before 9.3 kyr BP, when the 
Black Sea was still a brackish lake (M udie et al., 2001), 
suggests tha t salinity must be another key factor in 
determ ining the presence o f cysts o f Lingulodinium  
polyedrum. An explanation fo r these observations is 
here attempted.

Cultures by Hallett (1999) first showed tha t 
process length o f the cysts is correlated positively 
w ith  salinity, but as well negatively w ith  tempera-
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ture, suggesting tha t none o f these parameters can 
separately explain cyst morphology. These obser­
vations were confirm ed in a study on Lingulodini­
um machaerophorum  cysts extracted from recent 
surface sediments, which shows tha t process length 
is related to  a ratio between salinity and tem perature 
(S/T) (Mertens et al., 2009b). Apparently sim ilar cysts 
can be formed under d ifferent sa lin ity -te m p e ra tu re  
conditions, providing a constant S/T ratio.

In a newly composed database o f 4842 samples 
from  published and unpublished data (Appendix IV), 
cysts are found w ith in  certain lim its o f the sum m er1 
S/T ratio, ranging between 0.7 and 2.55°C/psu. The 
explanation fo r the biogeographical delineation 
supplied by the S/T ratio (Figure 1) is preferred to 
summer tem perature (Figure 2) because o f tw o 
reasons. Firstly, it explains the absence o f Lingulo­
dinium machaeorophorum  in areas w ith  large salinity 
variations but sim ilar tem peratures to  other regions 
where it is present, e.g. compare the Baltic Sea 
w ith  the British coasts (Figure 3 and 4). Secondly, it 
provides an explanation why the cysts are sometimes 
not present: outside these lim its, which correspond to 
morphological end-members (Mertens et al., 2009b), 
cysts cannot be formed due to  physicochemical con­
straints o f the building blocks o f the cysts (Flemsley 
e t al., 2000). Exceptional occurrences can be related 
to  reduced salinities caused by increased rainfall, 
e.g. along some o f the British coasts (Reid, 1972) or 
increased m eltw ater discharge, e.g. Scandinavian 
Fjords (Persson et al., 2000) or can be reworked as 
previously suggested (Mertens et al., 2009b). The 
S/T ratio has predictory value fo r the presence and 
morphology o f the cysts in the sediments (Figure
5). It w ill be o f crucial interest to refine the lim its o f 
cyst presence, in casu fo r the northern hemisphere 
in Norway, northeast Canada, Northern Japan and 
Britain and fo r the southern hemisphere New Zealand, 
Argentinia and South Africa.

In terms o f paleoecological reconstruction, this 
im plies tha t the presence o f Lingulodinium machaero­
phorum  only yields inform ation about the range o f 
the S/T ratio, although its morphology has potential 
to  reconstruct the S/T ratio (M ertens et al., 2009b). 
This model can be applied fo r other dinoflagellate cyst 
species, which all show particular geographical d istri­
butions closely linked to strict lim its o f salinity and

tem perature (M arret and Zonneveld, 2003). Species 
w ith  larger niches, as expressed by a larger range in 
the S/T ratio, such as Operculodinium centrocarpum  
can be considered cosmopolitan, whereas others 
which occupy a lim ited niche, such as Polysphae­
rid ium  zoharyi, are specialists. The S/T ratio can be 
related to a particular w ater mass, and this explains 
why dinoflagellate cyst assemblages have been used 
in this way in paleoclimate reconstruction (de Vernal 
and M arret 2007).

If environmental conditions are m et to allow  cyst 
form ation, i.e. fall w ith in  the lim its o f the S/T ratio, 
how many cysts are form ed -  and thus the relative 
abundance - w ill be determ ined by the magnitude 
o f the bloom, which on its tu rn  is dependent on 
cell growth. Cultures show tha t m ultip le factors 
determ ine cell grow th such as salinity and tem pera­
ture  (Brand, 1984; Matsuyama et al., 2003), tu rbu ­
lence (Sullivan et al., 2003) and higher nu trien t levels 
(Eppley and Flarrison, 1975). Positive feedbacks to 
these processes could be given by increased cyst 
germ ination at prolonged light exposure (Anderson 
et al., 1987) and higher tem peratures and salinities 
(Blanco, 1990). It is possible tha t the m otile growth 
is also restricted by the S/T ratio, although there are 
observations in the high arctic, where cysts have not 
been found (see Okolodkov 2005 fo r a review).

The suggestion tha t Lingulodinium polyedrum  
w ould be unable to form  cysts outside its S/T range, 
and is thus unable to produce "seed beds", has 
m ultip le implications. The tigh t link between the 
essential environmental seawater parameters w ill 
enable detailed biogeographic zonations fo r dino­
flagellate cysts and possibly o ther plankton groups. 
Paleoclimate reconstruction w ith  dinoflagellate cysts, 
which have shown significant results e.g. w ith  the 
modern analogue technique (de Vernal et al., 2005), 
can be fine-tuned using this new ecological model. 
Transport o f dinoflagellate cysts, a heavily debated 
issue (Telford, 2006), has potential to  be resolved 
w ith  the S/T ratio. Also fo r evolutionary studies and 
extinctions th is has some implications. It can also be 
predicted tha t global warm ing w ill result in more and 
larger harm ful algal blooms (HABs), due to expansion 
o f biogeographic ranges, as previously suggested 
(Dale et al., 2006), and observed (Edwards et al., 
2006).

1 Summer is chosen since this is the season of production of the cysts. 95
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Average summer S/T ratio

Figure 3 Presence (blue) and absence (red) o f Lingulodinium mochoerophorum  in samples from  a global database mapped on average summer 
S/T ratios, zoomed in on Northern Europe. The samples in the Baltic Sea can be considered reworked (Mertens et al., 2009b).

Average summer temperature

• i

Figure 4 Presence (blue) and absence (red) o f Lingulodinium mochoerophorum  in samples from  a global database mapped on average summer
temperatures, zoomed in on Northern Europe.
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Addit ional in format ion

Unpublished data was provided by co-authors. In­
terpretations were done by Kenneth Mertens. This 
chapter w ill be submitted
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CHAPTER 6

30000 years of productivity and 
salinity variations in the late 
Quaternary Cariaco Basin revealed 
by dinoflagellate cysts
ABSTRACT

Dinoflagellate cysts and o ther palynomorphs were studied from ODP Hole 1002C in the Cariaco Basin over 
the last 30000 years. The assemblage shifts between a dominance o f heterotrophic dinoflagellate cysts (mainly 
Brigantedinium  spp., Lejeunecysta spp., Selenopemphix nephroides and Stelladinium reidii) and autotrophic d i­
noflagellate cysts (mainly Spiniferites ramosus, Lingulodinium machaerophorum  and Operculodinium centrocar­
pum). These assemblage shifts are associated w ith  stronger upwelling during stadials, and stronger river influx 
during interstadials. Increases in productivity caused by enhanced upwelling are coupled to  improved preserva­
tion and vice versa. More stratified w ater is indicated by higher abundances o f Lingulodinium machaerophorum  
and succeeds Heinrich events. Average process length o f Lingulodinium machaerophorum  can be used to track 
changes in salinity, since it shows a sim ilar pattern as the 518Osw (paired Mg/Ca -  5180) reconstruction. During 
the last glacial, conditions were more saline than during the current interglacial. On a millennial-scale, changes 
in salinity are opposite to open ocean salinities and the hydrological proxies, which can be explained by a modu­
lation o f the signal by stratification, isolation o f the Basin or advection o f fresh w ater masses. These results 
highlight both generalities and particularities o f the paleoecological record o f this tropical semi-enclosed basin.

1. In t roduc t ion

Large and rapid climate oscillations occurring at 
suborbital and millennial frequencies are not restrict­
ed to the northern higher latitudes but have a global 
signature, which is also prom inent in the Caribbean 
Sea (Peterson et al., 2000a; Vink et al., 2001; Schmidt 
e t al., 2004). The synchronicity o f these rapid changes 
between Cariaco Basin, the Greenland lee Cores and 
California margins show tha t these are likely linked 
through atmospheric processes (Goni et al., 2006; 
Dean 2006). These are expressed as hydrological vari­
ations throughout the tropics (Clement and Peterson 
2008), which have the potential to  am plify and per­

petuate millennial-scale climate changes (Ivanochko 
et al., 2005).

These rapid climatic changes are well reflected in 
p roductivity records, best recorded in coastal areas. 
Although present-day shelf seas make up 8% o f the 
to ta l ocean surface area, about 10-15% o f the global 
marine prim ary production takes place in these 
coastal seas, w ith  40% o f it exported to  the deep 
sea (Muller-Karger et al., 2005). The Cariaco Basin, 
located near to the Venezuelan margin, is character­
ized by high productivity, which drove the basin into 
anoxicity. In this respect, the basin offers an im portant 
opportun ity  to  study productivity changes.

Planktonic organisms, such as dinoflagellates,
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are regarded as very sensitive recorders o f climate 
change (e.g. Hays et al., 2005). Dinoflagellate cysts 
are the hypnozygotes o f unicellular planktonic algae 
tha t are considered to be useful palaeoceanographi- 
cal tools to reconstruct late Quaternary palaeopro- 
ductiv ity (Reichart and Brinkhuis 2003; Pospelova et 
al., 2006; de Vernal and M arret 2007). They have also 
proven useful fo r the Cariaco Basin (González et al., 
2008b). Since inferred palaeotemperature variations 
in the Cariaco Basin are relatively small during the 
last glacial - interglacial transition (max. 3-4°C, based 
on Mg/Ca, Lea et al., (2003) and alkenones, Herbert 
and Schuffert (2000)), and are o f sim ilar magnitude 
as salinity changes (1.2-2.4%o, based on paired M g / 
Ca - 5180  McConnell, 2008), changes in dinoflagellate 
cyst assemblages w ill be mainly related to  changes in 
productivity. However, recent research showed tha t 
dinoflagellate cyst morphology changes w ith  salinity, 
and more particular, process length o f Lingulodinium  
machaerophorum  shows a linear relationship to 
salinity as shown by studying cultures (Hallett 1999) 
and surface sediments (Mertens et al., 2009b).

Dinoflagellate cysts from  the Caribbean (including 
the Cariaco Basin) were investigated fo r the firs t tim e 
by Wall (1967). Except fo r an initial study on dino­
flagellate cysts in surface sediments in the close-by 
Amazon region by Vink et al. (2000), organic-walled 
microfossils have been neglected in this region. Ne­
vertheless, González et al. (2008b) demonstrated 
tha t Cariaco dinoflagellate cysts are useful markers 
fo r reconstructing productivity during Marine Isotope 
stages 3 and 4. In this study the productivity record 
from  the Cariaco Basin is extended th roughout the 
last 30000 years and compared w ith  o ther productiv­
ity proxies. Additionally, salinity variations are docu­
mented using process length variation o f Lingulodin­
ium machaerophorum  and compared w ith  a paired 
Mg/Ca-5180  record.

2. Study area and background

The Cariaco Basin is an east-west trending Quater­
nary pull-apart basin on the continental shelf, north 
o f Venezuela (Figure 1). The surrounding topography 
prohibits in flow  o f deep w ater from  the Caribbean, 
causing a 100 year residence tim e o f the bottom

waters (Deuser 1973). The high oxygen demands, 
created by upwelling-induced surface productivity, 
anda strong pycnocline which lim its vertical exchange, 
leads to the present-day anoxic and sulphidic condi­
tions below a depth o f 300 m (Peterson et al., 1991). 
The almost complete lack o f b ioturbation since the 
start o f the Bplling/Allerpd implies a nearly uninter­
rupted sedimentary record.

Surface waters entering the Caribbean are the 
North Brazil Current (NBC) and the North Equato­
rial Current (NEC). The NBC flows via Trinidad to  the 
west along the continental slope o f the Southern 
Caribbean, w hile the NEC originates from the North 
A tlantic gyre. The tw o  upper w ater masses are the 
Caribbean Surface W ater (CSW) and the Subtropical 
UnderW ater (SUW). The o ligotrophic CSW (0-80 m) 
originates from  the NEC and NBC w ith  a substantial 
input o f low salinity waters from  the Amazon and 
Orinoco Rivers during October and November. The 
eutrophic SUW (at a depth o f 80-120 m), comes 
from  the centre o f the North Atlantic, namely the 
surface waters o f the North A tlantic Gyre, and enters 
the Caribbean between the Lesser Antilles and the 
W indward Passage between Cuba and the Jamaican 
Islands (Wust 1964; Nyberg et al., 2002). The SUW 
forms the perm anent therm ocline and/or nutricline 
o f the Caribbean. The surface w ater o f the Caribbean 
is generally characterized by low prim ary productivity 
except in coastal regions, such as o ff the Venezuelan 
Coast (Muller-Karger and Aparicio-Castro 1994).

The region is influenced by migrations o f the In­
tertropical Convergence Zone (ITCZ) which causes 
seasonal variations in the strength o f the northeast 
trade winds (Muller-Karger and Aparicio-Castro 1994). 
During w in te r and early spring (January to  March), 
the ITCZ is at its southernm ost position and strong 
trade winds blow along the coast o f Venezuela, and 
causes upwelling o f nutrient-rich waters. The phyto­
plankton exploits th is resource and in January and 
February prim ary production rates and carbonate 
and opal fluxes are at a maximum (Goni et al., 2003) 
and diatoms dom inate the phytoplankton popula­
tion (Ferraz-Reyes 1983). Beginning from about June 
or July, when the ITCZ migrates north to  a position 
near the Venezuelan coast, the trade winds weaken 
markedly and thus also the upwelling. Primary pro­
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Figure 1 The Cariaco Basin, w ith location o f ODP Site 1002 (approximately same position as core MD03-2620) and core PL07-39PC.

the rain season in combination w ith  a reduced pro­
ductivity. Microorganisms in these laminae are also 
grouped in aggregates.

As an analogue to  the seasonal migrations o f the 
ITCZ, longer term  (orbital-scale, millennial-scale) 
changes in the mean position o f the ITCZ have been 
proposed as a mechanism linking northern high-lati- 
tude and tropical climates (Peterson and Haug, 2006; 
Dean 2006).

3. Mater ials and methods

Ocean Drilling Program (ODP)site 1002 (10°42.37'N, 
65°10.18'W, 893 m w ater depth) is located on the 
western flank o f the central saddle o f the Cariaco 
Basin (Figure 1). The saddle was chosen since varves 
in the subbasins tend to  be disrupted by m icrotur- 
bidites. Shipboard Scientific Party (1997) gives a 
detailed description o f this core. Marine Calypso core 
MD03-2620 (10°39.05' N; 65°10.17' W; 876 m water 
depth), was retrieved during the PICASSO cruise in

duction rates fall to  a m inim um (Muller-Karger et 
al., 2004). As the upwelling subsides, the northward 
m igration o f the ITCZ brings its associated rain belt 
above the Cariaco Basin. This rain belt triggers 
increased fluvial discharge from  rivers, affecting the 
southern Caribbean, and induces a stratification o f 
the w ater masses. No large rivers currently discharge 
into the basin, but in form er times fluvial input was 
more im portant (Peterson et al., 2000b). During this 
season, the production is dominated by Cyanobacte­
ria, dinoflagellates (Ferraz-Reyes 1983) and also hap- 
tophytes (Goni et al., 2003).

The interglacial basin sediments are laminated 
and reflect migrations o f the ITCZ as the high annual 
sediment flux (20-100 cm /kyr) forms alternating 
light and dark laminae. The light laminae are mainly 
composed o f diatoms; they reflect high winter-spring 
production. The micro-organisms appear grouped 
in aggregates, most likely faecal pellets, and are sur­
rounded by biogenic silica (Flughen et al., 1996b). The 
dark laminae have a higher terrigenous content, and 
this reflects summer to  autum n deposition during
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2003 (Laj, 2004), and is located close to the location 
o f ODPSite 1002.

3.1 Stratigraphy

Hole 1002D is dated w ith  65 accelerator mass 
spectrom etry (AMS) 14C dates on planktonic Fora­
m inifera, over the studied interval. A fter a constant 
420-year marine reservoir correction, calendar ages 
were derived by transferring ages from  the GISP II 
5180  ice core by matching inflection points and in­
terpolation o f reflection curves (Hughen et al., 2003). 
Hole 1002C was aligned w ith  hole 1002D through 
visually matching magnetic susceptibilities provided 
by Shipboard Scientific Party (1997) (Figure 2). The 
studied core sections in Hole 1002C range in age from 
Late Pleistocene to  late Holocene times, covering 
the tim e interval tha t includes Heinrich event 3 (H3), 
Heinrich event 2 (H2), Last Glacial Maximum (LGM), 
Heinrich event 1 (H I), Bplling-Allerpd Warm Period 
(BA), Younger Dryas (YD) and the entire Holocene. 
Heinrich events are denoted according to the ir cited 
ages (Hemming, 2004) w ith  respect to the Cariaco 
Basin age model fo r Hole 1002C. Sedimentation rates 
and accumulation rates are discussed in Mertens et 
al. (2009b) and range between 32 and 170 cm/kyr.

3.2 Sample preparation and light m i­
croscopy

Samples from  Hole 1002C were taken at 20 
cm intervals. A few samples o f equal ages o f core 
MD03-2620 were processed fo r comparison. Given 
the range o f sedimentation rates, the sampling 
interval yields an average tem poral resolution o f 360 
years, ranging between 10 and 1170 years. A tota l 
o f 88 samples w ith  a w eight o f 1.6 to  23.9 g were 
prepared fo r palynological analysis fo llow ing the mac­
eration technique described in Louwye et al. (2004). 
One to  three Lycopodium  tablets, containing a known 
number o f spores, were added at the beginning 
o f the palynological preparation. The treatm ent 
involved décalcification w ith  cold HCI (10%) and sub­
sequent removal o f silicates w ith  cold HF (40%). The 
remaining organic fraction was then sieved at 20 pm 
on a nylon mesh and mounted w ith  glycerine jelly. A 
m inim um o f 300 dinoflagellate cysts were counted

in each sample. In the meantime, all o ther palyno- 
morphs encountered were counted. Lycopodium 
spores were counted to calculate cyst concentrations 
(cysts/cm3). Accumulation rates were calculated by 
m ultip lying concentrations by sedimentation rates 
and dry bulk densities based on GRAPE density mea­
surements (Shipboard Scientific Party 1997). Repre­
sentative dinoflagellate cyst species are illustrated 
in Plate I and II, o ther palynomorphs are shown in 
Plate III. All photom icrographs are taken w ith  a Zeiss 
AxioCam MRc5 camera mounted on a Zeiss Axioskop 
2 Plus microscope. Taxonomy used fo llows W illiams 
et al. (1998) and Rochon et al. (1999). Spiniferites 
ramosus s.I. includes Spiniferites bulloideus and Spin­
iferites delicatus. Selenopemphix quanta  s.I. includes 
cysts o f Protoperidinium nudum.

The morphological variation o f Lingulodinium  
machaerophorum  was studied by measuring the 
three longest processes o f 50 cysts per sample, when 
possible. The longest processes are chosen fo r three 
reasons. Firstly, the longer processes would reflect 
unobstructed grow th during form ation o f the cyst. 
Secondly, since only a restricted number o f processes 
are measurable per cyst it is necessary to  make a con­
sistent approach by choosing the longest processes. 
Thirdly, the largest variation is obtained by choosing 
the longest processes, and this provides a more 
accurate proxy. The methodology is explained more 
in detail in Mertens et al. (2009b). Often less than 50 
cysts were measured, when there were not enough 
available.

4. Results

4.1 D inoflagellate cyst relative abun­
dance data

A to ta l o f 47 dinoflagellate cyst taxa were identi­
fied in the studied sequence (Appendix V). Only five 
taxa reach relative abundances o f more than 15% 
(Figure 3): Brigantedinium  spp. (3-94%), Brigante­
dinium cariacoense (0-35%), Spiniferites ramosus 
(0-94%), Selenopemphix nephroides (0-45%) and Lin­
gulodinium machaerophorum  (0-63%). Other species 
o f m inor importance are Stelladinium re id ii (0-14%),
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G

Plate I Micrographs from  representative heterotrophic dinoflagellate cysts from ODP 1002C. A. 1H 2W 80-82, Brigantedinium cariacoense. 
B. 1H 4W 22-24, Brigantedinium cariacoense. C. 1H 4W 22-24, Echinidinium aculeatum  w ith  characteristic aculeate distal tips. D. 2H 1W 
20-23, Selenopemphix quanta. E. 1H 2W141-143, Selenopemphix nephroides. F. 1H 5W 70-72 Selenopemphix nephroides. G. 2H 1W 20-23, 
Lejeunecysta marieae. H-L. 2H 4A 101-103, Lejeunecysta sp. A. M-N. 1H 6W 19.5-21.5, Lejeunecysta oliva w ith characteristic pronounced 

paracingulum. O. 2H 1W 20-23, Stelladinium reidii. P. 1H 5W 11-13, Stelladinium reidii. All scale bars are 20 pm.

Islandinium m inutum  (0-14%), Selenopemphix quanta  
(0-9%), Quinquecuspis concreta (0-9%), Spiniferites 
mirabilis (0-7%), Brigantedinium simplex (0-8%), Leje­

unecysta sabrina (0-13%), Operculodinium centrocar­
pum  sensu Wall and Dale (0-9%) and Operculodinium  
israelianum  (0-6%). Similar species were identified 
as in González et al. (2008b). The cyst mentioned in 
González et al. (2008b) as Selenopemphix cf. divarica­
tum  is corrected here as Lejeunecysta sp. A.

The samples are generally dominated by proto- 
peridiniacean heterotrophic cysts (4-98%, averagely

84%), mainly Brigantedinium  spp., Echinidinium  spp., 
Selenopemphix spp. and Selenopemphix quanta. 
Autotrophic cysts from  the Gonyaulacales occasion­
ally dominate the assemblage during the BA and 
Preboreal (2-96%, averagely 16%), during which Spin­
iferites species (mainly Spiniferites ramosus) are ac­
companied by Operculodinium centrocarpum  sensu 
Wall and Dale and Lingulodinium machaerophorum.

4.2 D inoflagellate cysts concentrations  
and accumulation rates
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Plate II Micrographs from  representative autotrophic dinoflagellate cysts from ODP 1002C. A. 1H 3W 131-133, Lingulodinium machaeropho­
rum. B. 1H 2W 80-82, Lingulodinium machaerophorum. C-D. 1H 5W 11-13, Melitasphaeridium choanophorum  E-F. 1H 4W  81-83, Opercu­
lodinium centrocarpum  var. Wall & Dale, middle focus and upper focus showing archeopyle. G-H. 2H 1W 20-22, Operulodinium israelianum, 
similar views. I-J. 2H 1W 20-23, Nematosphaeropsis labyrinthus. K-L. 2H 1W 20-23 Impagidinium aculeatum. M-N. 2H 1W 20-22, Spiniferites 

ramosus. O-P. 1H 4W 22-24, Spiniferites bentorii. All scale bars are 20 pm.

Dinoflagellate cyst concentrations range from  
180 to  79603 cysts per gram o f sediment and show 
distinct fluctuations (Figure 4). High dinoflagellate 
cyst concentrations coincide w ith  warm interstadials 
(BA and Preboreal) and low cyst concentrations w ith 
cold stadials (YD and H I). Highest concentrations are 
attained during BA and Preboreal when peaks of Spin­
iferites ramosus can be recorded. Autotrophic species 
reach abundances o f 8 to  76247 cysts per gram 
sediment, whereas abundances o f heterotrophic 
species range from  172 to  34021 cysts per gram o f 
sediment. Autotrophic cyst concentrations show

very sim ilar fluctuations as relative abundance o f au­
to troph ic  species, whereas heterotrophic cysts show 
distinct differences compared to  relative abundance 
o f heterotrophic species (Figure 4).

Accumulation rates range between 13 and 5135 
cysts/cm2/yr, and average 640 cyst/cm2/yr, which are 
comparable to  the older record from  Cariaco Basin 
(González et al., 2008b) and the Santa Barbara basin 
record (Pospelova et al., 2006). All fluctuations o f ac­
cumulation rates are sim ilar to  dinoflagellate cysts 
per gram o f sediment.

It must be stressed tha t the residue was sieved
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Plate III Micrographs from representative other palynomorphs from ODP 1002C. Faunal remains: A. 1H 4W 0-2, copepod egg. B. 1H 4W 
22-24, copepod egg. C. 1H 5W 11-13, copepod egg. D. 1H 4W 22-24, copepod egg. E. 1H 2W 80-82, scolecodont. F. 1H 2W 141-143, scoleco- 
dont. G. 1H 2W 80-82, planispiral m icroforaminiferal lining. H. 2H 1W 20-23, trochospiral m icroforaminiferal lining. I-L. 2H 4A 101-103, organic 
"wrappings" o f Ascidian spicule. M. 1H 2W 80-82, tin tinn id  lorica. Fungal remains: N. 2H 1W 20-23, fru iting body. O. 2H 1W 20-23, Tetraploa 
sp. P. 1H 1W 1.5-3.5, typical micropscopic view of anoxic Cariaco Basin palynological samples, filled w ith  amorphous organic matter (AOM). 
Q. Organic lining o f calcareous dinocyst. Chlororophyta: R. 2H 4W 101-103, Pediastrum sp. w ith characteristic stellate outline. S. 2H 1W20-22, 
less well preserved Pediastrum sp. T. 2H 1W 20-22, Botryococcus sp. Floral remains: U. 2H 1W 60-62, charcoal fragment, preservation o f fine 
structures suggests charcoal origin V. 1H 4W 22-24, charcoal fragment. W. 1H 4W 22-24, pollen grain. X. 1H 2W 80-82, trile te  spore. All scale

bars are 20 pm, except where noted.
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on a 20 um mesh, and tha t part o f the Lycopodium 
spores were probably lost during sieving (Lignum et 
al., 2008; Mertens et al., accepted). However, pre­
sumably, the large am ount o f amorphous organic 
m atter in the samples w ill inh ib it th is process by 
quickly clogging up the filters. Also, the large fluctua­
tions in concentrations and accumulation rates can 
not solely be attributed to methodological issues.

4.3 Variation o f Lingulodinium  
machaerophorum process length

Lingulodinium machaerophorum  average process 
length varies between 8.2 and 17.8 pm, and shows 
distinct fluctuations (Figure 5). It is compared to 
another salinity proxy, a paired Mg/Ca - 5180  from 
Globigerinoides ruber (white) from the close-by 
Cariaco Basin core PL07-39PC constructed from  M g / 
Ca data from  Lea et al. (2003) and 518Oc data from  Lin 
et al. (1997). For the calculation o f 518Osw, tem pera­
ture is removed from  the 518Oc record using the tem ­
perature - 518Oc equation calibrated by Thunell e t al. 
(1999). Furthermore, Globigerinoides ruber (white) 
can be considered to be representative o f annual- 
average conditions in the near-surface w ater (Lin et 
al., 1997).

Despite the scatter in the process length record 
and a possible dependence o f tem perature (Mertens 
et al., 2009b), consistencies between both indepen­
dent proxies suggest tha t both are approximating the 
same environmental variable, i.e. salinity. Both short 
process lengths and low 518Osw can be associated 
w ith  lower salinities and vice versa, and thus both 
proxies indicate a fresher interglacial and a more 
saline glacial. On a millennial time-scales, H I and 
YD both indicate a fresher basin, whilst the LGM, BA 
and Preboreal indicate a saltier environment. These 
trends on millennial time-scales are contrasting w ith  
these from  a paired Mg/Ca - 5180  by Schmidt et al. 
(2004) core VM28-122 from  the Colombian Basin 
(Figure 5).

4.4 Other palynomorphs

Concentrations o f all o ther palynomorphs show 
sim ilar fluctuations as the ir accumulation rates, so 
only accumulation rates are discussed (Figure 6).

M ost abundant other palynomorphs in the samples 
are faunal remains o f Zooplankton (copepod eggs, 
m icroforam inifer linings, scolecodonts and tin tin - 
nids). T intinnids and scolecodonts show very sim ilar 
fluctuations w ith  peaks during YD and H I, whereas 
copepod eggs and m icroforam iniferal linings show a 
different pattern w ith  peaks during BA and Preboreal 
(Figure 6). Other faunal remains are lepidopteran 
wing scales and organic "wrappings" o f ascidian 
spicules. This last new faunal palynomorph has been 
identified, and radiating crystals are clearly visible, 
even after dissolution o f aragonite crystals during pa­
lynological preparation (Plate III). Lepidopteran wing 
scales and ascidian spicules show sim ilar patterns, 
w ith  a distinct peak during the LGM. Fungal remains 
(fru iting bodies, ascospores, etc.) were also quanti­
fied and show a sim ilar manifest peak during the 
LGM.

The most abundant floral remains are pollen and 
spores next to  charcoal and chlorophyte algae. It has 
to be noted tha t the samples were filte red on 20 pm, 
so a substantial am ount o f pollen might have been 
lost, resulting in a bias towards larger pollen. Despite 
this, results are very sim ilar to  the results o f González 
et al. (2008a), where sieves o f 8 pm were used. In- 
terstadials can be characterized by high pollen con­
centrations. Pollen grains are mainly transported into 
the basin by river influx (González et al., 2008a) and 
together w ith  Chlorophycean algae can be used to 
indicate increased freshwater influx. Taxa o f the class 
Chlorophyceae (Pediastrum  and Botryococcus) show 
sim ilar fluctuations as pollen and spores. Charcoal ac­
cumulations show a marked peak during the Younger 
Dryas, implying the occurrence o f frequent fires and 
thus drier conditions. The charcoal peak in accu­
mulation during the YD was presumably caused by 
another type o f more open vegetation to dominate 
and would have prevented the return o f preceding 
dense and more humid forests (Ledru et al., 2002), 
and can be associated w ith  a forest-savanna turnover 
(Rull 2007). This peak during the YD is not surpris­
ing since frequent regional burning correlates w ith  
periods o f rapid climate change (Haberle and Ledru, 
2001).

Other palynomorphs include organic linings o f 
calcareous dinocysts, Halodinium  sp., and o ther ac-
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Figure 5 A. Salinity reconstruction based on Lingulodinium mochoerophorum  average process length, B. paired Mg/Ca - 6 180  reconstruction 
from core PL07-39PCfrom data o f Lea e ta l. (2003) and Lin et al. (1997) and C. core VM 28-122from  Schmidt et al. (2004). Grey bars indicate

stadials. The Mg/Ca and 6180  only extend the last 25000 years.

ritarchs. Only organic calcareous dinocysts reached 
high enough numbers to show reliable fluctuations, 
and these show a marked peak during the LGM.

5. Discussion

5 .1 Transport

Pollen and spores in the Cariaco Basin are prim arily 
transported into the basin by rivers (González et 
al., 2008a). Enhanced river transport is indicated 
by higher pollen fluxes during the interstadials (BA 
and Preboreal) relative to  the stadials (H I and YD) 
(Figure 6). The higher abundance o f autotrophic di­
noflagellate cysts during these periods (Figure 4) 
could reflect transport o f these cysts from  the shelf. 
However, this does not seem to  be the case. Other 
palynomorphs which must be transported from  the 
shelf, e.g. ascidian spicules and lepidopteran scales,

do not show enhanced shelf transport during the 
BA and the Preboreal periods, but rather during the 
YD. Ascidians are sessile filte r feeding tunicates and 
are im portant members o f marine benthonic com­
munities throughout shelf seas (Varol and Houghton 
1996), and can thus be considered to be indicative 
o f transport from  the shelf. Lepidopteran wing scales 
must also be transported from  the shelf. The only 
tim e when manifest enhanced transport from  the 
shelf is recorded is during the LGM, since most other 
palynomorphs show enhanced accumulations during 
this period (Figure 6). This is related to  the sea level 
lowering during the LGM exposing the shelf, which is 
corroborated by the observations o f Piper and Dean 
(2002 ).

Another transport issue is tu rb id ite  deposition, as­
sociated w ith  earthquake activity, which has been 
previously reported in the Cariaco Basin (Thunell et 
al., 1999; Scranton, et al., 2001). All tu rb id ites clearly 
stand out in the Cariaco Basin record and all samples 
were carefully selected outside the tu rb id ite  layers.
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5.2 Preservation

To see w hether selective preservation can be an 
issue in the Cariaco Basin, a sim ilar grouping as in 
Zonneveld et al. (2001) and Mertens et al. (accepted) 
was used to  which we added a few  species where it 
can be supposed tha t they have sim ilar resistance to 
degradation:

Extrem ely sensitive cysts: Round brown cysts 
(Brigantedinium  spp.), Spiny Brown cysts (Echinidini­
um spp. and Islandinium m inutum ), Stelladinium  spp., 
Lejeunecysta spp., Selenopemphix spp., Tuberculo­
dinium vancampoae.

M odera te ly  sensitive cysts: Lingulodinium
machaerophorum, Melitasphaeridium choanopho- 
rum, Operculodinium centrocarpum  sensu Wall and 
Dale, Operculodinium janduchenei, Spiniferites spp., 
Achomosphaera spp, Quinquecuspis concreta and 
Votadinium  spp.

Resistant cysts: Nematosphaeropsis labyrinthus, 
Im pagidinium  spp., Operculodinium israelianum, 
Pentapharsodinium dalei, Polysphaeridium zoharyi, 
Ataxiodinium choane and Bitectatodinium  spp.

As fluctuations between resistant and sensitive 
cysts are exactly a reflection o f changes between 
autotrophic and heterotrophic dinoflagellate cysts 
(Figure 4), ecological changes cannot be discarded. 
By studying the coccolith assemblage in the same 
core over the same interval, Mertens et al. (2009c) 
came to the conclusion tha t high productivity should 
be considered in sync w ith  less degradation o f cocco- 
liths and vice versa. This seems to be sim ilar fo r d ino­
flagellate cysts: periods o f high productivity such as 
the YD resulted in low degradation o f dinoflagellate 
cysts, w hile periods characterised by lower produc­
tiv ity  like the BA and the Preboreal resulted in higher 
degradation o f dinoflagellate cysts.

Pronounced disparities can be observed between 
fluctuations o f the relative abundance record and the 
concentration o f heterotrophic dinoflagellate cysts 
(Figure 4). These disparities suggests tha t preserva­
tion is an im portant factor in the in terpretation o f the 
relative abundance record o f the heterotrophic dino­

flagellate cysts. On the o ther hand, th is difference 
between both relative abundance and concentration 
is not observable in the autotrophic dinoflagellate 
cysts (Figure 4), and could be explained by relative 
enrichm ent o f resistant material causing synchro­
nous increases in relative and absolute abundance o f 
these species.

Degradation could have taken place in the w ater 
column, in the sediment or after coring. To assess 
w hether selective preservation is caused by post- 
depositional degradation after coring, samples from 
Hole 1002C were compared w ith  samples from 
sim ilar intervals from  MD03-2620, but we found no 
significant differences in assemblage composition 
over the selected intervals. Presumably, the degra­
dation process can be considered to have the most 
im portant influence in the w ater column (Mertens et 
al., 2009c). Only 1.33% o f the surface prim ary pro­
ductiv ity is delivered to the bottom o f Cariaco Basin 
(Muller-Karger et al., 2004). Losses o f organic matter 
occur mostly in the watercolumn, and post-deposi- 
tional losses are negligible (Wakeham and Ertel 1988). 
Furthermore, Thunell et al. (2007) have shown tha t 
particulate organic carbon fluxes strongly correlate 
w ith  mineral fluxes in the Cariaco Basin. This mineral 
ballasting could potentia lly cause enhanced preser­
vation o f sensitive dinoflagellate cysts.

It has to  be noted tha t the form ation o f a pyritized 
"gley" horizon has been described by Blazhchishin 
and Lukashina (1995), and corresponds to  a zone o f 
sulfide diffusion underlying the transition from oxic 
to anoxic conditions (Lyons et al., 2003), and spans 
H I in Hole 1002C. This zone corresponds to a zone 
o f low accumulations o f both heterotrophic and au­
to troph ic dinoflagellate cysts, and very likely corre­
sponds to  a zone o f degradation w ith in  the sediment, 
possibly related to pyritization o f the cysts.

To conclude, preservation is an issue in the very 
productive Cariaco Basin, which can be related to 
degradation w ith in  the w ater column (from BA to 
recent) and postdepositional degradation (during 
H I). However, since high productivity can be related 
to enhanced preservation and vice versa and since 
absolute abundances o f heterotrophic species can be 
considered to  reflect changes in prim ary productivity 
(Reichart and Brinkhuis, 2003), changes in productiv­
ity can still be reconstructed which w ill be discussed
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in the next section.

5.3 Productiv ity

In terms o f ecology, the shifts between he­
te ro troph ic and autotrophic cysts require an explana­
tion. Dinoflagellate plankton studies are rare in the 
Caribbean (e.g. Marshall 1973), so it is d ifficu lt to  
make d irect links to current dinoflagellate blooms in 
the Caribbean. Despite th is fact, insights gained from 
dinoflagellate studies in other basins can be used to 
make inferences about paleoproductivity changes in 
Cariaco Basin.

Globally, heterotrophic species generally dominate 
areas w ith  enhanced nutrien t conditions and active 
upwelling (M arret and Zonneveld 2003), and absolute 
abundances o f heterotrophic cysts reflect changes in 
prim ary productivity (Reichart and Brinkhuis 2003). 
Both relative and absolute abundances indeed reach 
higher numbers during the Younger Dryas (Figure 4), 
a period associated w ith  enhanced upwelling in the 
Cariaco Basin (Peterson et al., 2000; Lea et al., 2003; 
Mertens et al., 2009c). We presume tha t the tim e 
interval tha t correlates w ith  H I was also a period 
o f enhanced productivity, as noted by Mertens et al. 
(2009c), although the sulphidic overprint mentioned 
above makes it d ifficu lt to  recognize it as such. The 
other stadials associated w ith  Heinrich events (H2 
and H3) show peaks o f the accumulations o f he­
te ro troph ic dinoflagellate cysts, and confirm  previous 
observations o f the older record by González et al. 
(2008b), although it must be stressed tha t other 
peaks o f a sim ilar am plitude can be observed in 
this part o f the record, so tha t these peaks cannot 
serve to unambiguously identify these Heinrich 
events. O ther heterotrophic species (Selenopem­
phix nephroides, Stelladinium reidii, Lejeunecysta 
spp.) show sim ilar peaks during these HE (Figure 
3). Additionally, we record an event around 8.44 kyr 
by a peak in 5. nephroides, which can be related to 
stronger trade winds in the Cariaco Basin (Hughen et 
al., 1996b). This event has also been reflected as a 
major freshwater event in the Gulf o f Mexico from 
8.6 to 8.3 kyr, where it can be related to  episodic 
megaflooding o f the Mississippi river system or large 
scale changes in precipitation patterns over the Gulf 
o f Mexico (LoDico et al., 2006).

The autotrophic species are to a large extent deter­
mined by relative abundances o f Spiniferites ramosus 
and Lingulodinium machaerophorum  (Figure 3). In 
the Amazon region, Spiniferites ramosus can be 
related to  oligotrophic, shelfward conditions (Vink 
e t al., 2000), as in British Columbia estuarine envi­
ronments where autotrophic taxa, including Spinifer­
ites ramosus, are related to  stratified coastal waters 
under influence o f coastal runoff (Radi et al., 2007). 
Also, the abundances o f Spiniferites ramosus shows 
sim ilar fluctuations as the coccolith Gephyrocapsa 
oceanica, responding to warm ing o f the surface water 
and high river influx, simultaneous w ith  weakening 
o f upwelling rates, most pronounced during BA and 
Preboreal (Mertens et al., 2009c). Furthermore, the 
correspondence o f Ti (XRF) data (Haug et al., 2001) 
and the relative abundance o f autotrophic d inofla­
gellate cysts (Figure 7), suggests a rapid response o f 
autotrophic dinoflagellate cysts to  high river influx, a 
sim ilar conclusion as González et al. (2008b).

Lingulodinium machaerophorum  shows a very 
different pattern compared to Spiniferites ramosus 
(Figure 3). According to  Vink et al. (2003), Lingulo­
dinium machaerophorum  can be related to neritic, 
warm, low-density, stratified environments in the 
Equatorial Atlantic. The stadials associated w ith 
Heinrich events are fo llowed by short events o f water 
column stratification. The m iddle Holocene also 
shows a sim ilar stratification o f the w ater column. 
The different pattern between Spiniferites ramosus 
and Lingulodinium machaerophorum  suggests tha t 
high river influx inhibits Lingulodinium machaero­
phorum  blooms, which could be due to a combina­
tion o f a num ber o f processes, including enhanced 
shelfal transports due to  heavy monsoonal rainfall 
(Jordan and W inter 2000) and stagnation o f sulphidic 
waters (Lyons et al., 2003) inhibiting excystment (e.g. 
Kremp and Anderson 2000).

The recorded shifts between an autotrophic d i­
noflagellate cyst dominated record, coupled to 
river influx, and a heterotrophic dinoflagellate cyst 
dominated record, coupled to  higher upwelling rates, 
confirm  the models o f González et al. (2008b) and 
Mertens et al. (2009c) who assert tha t these rapid 
changes can be linked to migrations o f the ITCZ. Again, 
no asynchronicity between the terrestria l and the
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marine signal can be recorded, as stated in Mertens 
et al. (2009c).

The shifts between autotrophic and heterotrophic 
dinoflagellates can also explain differences between 
reconstructions using sterol biomarkers o f Werne 
et al. (2000) and Dahl et al. (2004). In the first study 
which solely used dinosterol, little  difference was 
found between YD and Holocene, whereas the latter 
authors found significant differences between both 
periods using a larger suite o f sterols (chlorine sterol 
esters, CSEs). Since dinosterol is produced both by 
autotrophic and heterotrophic dinoflagellates, a 
differentiation between YD and Holocene w ill be 
less pronounced. The approach used by Dahl et al. 
(2004), where specific CSEs are used to  track changes 
in dinoflagellate abundance, enables to  d ifferenti­
ate between YD and Holocene, and can probably be 
attributed to  these CSEs being mainly produced by 
autotrophic dinoflagellates. Culture studies on which 
dinoflagellates produce which CSEs could elucidate 
this further.

Similar trends in productivity are observed in the 
o ther palynomorphs (Figure 6). Copepod eggs are 
more abundant during the BA and the Preboreal

(Figure 6). Copepods are known to  prey on dino­
flagellates (e.g. Huntley et al., 1986; Abrahams and 
Townsend 1993), which then show the highest ac­
cumulations (Figure 4). Also, the low abundance o f 
copepod eggs during the strong upwelling during the 
YD, could possibly be related to  aldehyde production 
by diatoms inducing reduced hatching success (e.g. 
Romano et al., 2003; Wichard et al., 2008). Tintin- 
nids accumulations on the o ther hand, are similar 
to  coccolith accumulations (M ertens et al., 2009c; 
Figure 6) which show th e ir peak during H I and YD 
(M ertens et al., 2009c). This suggests tha t coccolith 
accumulations are linked to  tin tinn id  faecal pellet 
production, which is not surprising since tin tinn ids 
are known to  feed on coccolithophores (e.g. W inter 
et al., 1986) and material is grouped in aggregates, 
most likely pellets (Hughen et al., 1996a).

5.4 Salin ity reconstruction

On a glacial-interglaciaI scale, both the average 
process length o f Lingulodinium machaerophorum  
and 618Oc,„ reconstruction indicate a more saline en-
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during the current interglacial (Figure 5). Increased 
glacial high-salinity and interglacial low-salinity con­
ditions were also suggested by Peterson et al. (1991) 
by studying foraminifera! assemblage changes in 
Cariaco Basin cores V12-104 and V12-99. Similar ob­
servations are made fo r Hole 1002C (Peterson et al., 
2000b; Herbert and Schuffert, 2000), which can be 
linked to a greater a rid ity in the Cariaco Basin during 
glacial periods (Yarincik and Murray, 2000; Martinez 
e t al., 2007). Similarly, in the Caribbean Sea, higher 
salinity estimates have been inferred during glacial 
isotope stages based on palaeoecological analyses 
o f coccoliths (Giraudeau, 1992) and paired Mg/Ca - 
5180  measurements (Schmidt et al., 2004), so th is is 
not a local phenomenon, and can belinked to  shifts o f 
the ITCZ, and can cause changes in the therm ohaline 
circulation, (Schmidt et al., 2004).

On a millennial scale, both salinity proxies indicate 
a saline LGM and a fresh H I fo llowed by a more saline 
BA, and a fresh YD again followed by a more saline 
Preboreal. A negative excursion during H I was previ­
ously noted by Lin et al. (1997) in the oxygen isotope 
records, and was considered to be related to increased 
rainfall or m eltw ater pulse. However, when compared 
to  the salinity reconstruction from core VM28-122 
located in the Colombia Basin (Schmidt et al., 2004), 
we observe an opposing pattern, most pronounced 
during LGM, H I, BA and YD (Figure 5). This m illennial- 
scale variability is also opposite to variations in river 
influx in the Cariaco Basin indicated by pollen and 
spores, Chlorophycean algae, autotrophic dinoflagel­
late cysts accumulations (Figs. 7 and 9) and plant bio­
markers (Hughen et al., 2004). The fresh YD contrasts 
also w ith  an arid YD, which can be inferred from  the 
upwelling record (Lea et al., 2003 and Mertens et al., 
2009c), but also the charcoal accumulations (Figure
6) and continental pollen (Salgado-Labouriau, 1980; 
Leyden, 1985) and plant biomarker records (Xu and 
Jaffé 2007). Aiso, Amazon river discharge was 40% 
reduced during the YD (Maslin and Burns, 2000). Fur­
therm ore, the fresh H I contrasts w ith  González et al. 
(2008b), who suggested the developm ent o f hyper­
saline coastal environments during HEs. This asyn- 
chronicity between salinity records and hydrologi­
cal records is enigmatic. Sea level variations do not 
help to explain the differences. Rapid sea-level rises

during m elt-water pulses can cause mobilisation o f 
the sediment upshelf, and drops downslope during 
lower sea level (Summerhayes et al., 1975) and it has 
been shown to  only change the magnitude o f te rrig ­
enous pulses at the Brazil continental margin (Arz et 
al., 1999), although higher shelf transport during the 
LGM (see above) does seem to  suggest this. Three 
possible mechanisms can be thought of. The first is 
an influence o f stratification on the salinity records. 
An increased stratification during interstadials could 
result in higher salinities if the microfossils recording 
the salinities would form  deeper in the w ater column 
where salinities are higher. In fact, the dinoflagellate 
cyst Lingulodinium machaerophorum  has been found 
to  occur deeper in the w ater column (see Mertens 
e t al., 2009a fo r a review) and variants o f the fora- 
m in ifer Globigerinoides ruber (white) can also be 
associated w ith  deeper depth habitats (Wang 2000; 
Kuroyanagi et al., 2008), resulting in d ifferent Mg/Ca 
tem peratures (Steinke et al., 2008). Another possibil­
ity is the more isolated nature o f the Cariaco Basin 
during these times, resulting in anomalous tem pera­
tures (Lea et al., 2003) and salinities (this study) fo r 
the Caribbean, also suggested by modelling studies 
(Wan et al., 2008). A last possibility is the intrusion 
o f low  salinity Antarctic Intermediate W ater (AAIW) 
into the Caribbean during H I and YD, evidenced by 
neodymium isotopic variations (Pahnke et al., 2008), 
which then supposedly not reached as far west as the 
Columbian Basin.

6. Conclusions

Assemblage changes o f dinoflagellate cysts are 
determ ined by productivity changes and show rapid 
shifts between heterotrophic dominated assemblag­
es and autotrophic dominated assemblages, which 
can be related to  shifts o f the ITCZ. Due to the oc­
currence o f large losses in the w ater column, relative 
abundance records should be interpreted w ith  care, 
and always compared to  accumulation records. 
Stadials (including those associated w ith  Heinrich 
events) can be characterised by higher upwelling, 
interstadials by higher river influx preceded by high 
stratification. The LGM is characterized by influx 
from  the shelf, caused by the concurrent sea level
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lowering.
The average process length o f Lingulodinium  

machaerophorum  shows sim ilar fluctuations as a 
constructed paired Mg/Ca - 5180  record and can serve 
as a sem i-quantitative salinity proxy. These salinity 
proxies show a millennial-scale pattern contrasting 
to a salinity reconstruction from the open Caribbean 
Sea and to w hat would be expected from  the hydro- 
logical proxies (autotrophic dinoflagellate cysts, Ti 
(XRF), pollen and spores and Chlorophyta). Changes 
in the stratification, isolation o f the Cariaco Basin or 
advection o f fresh w ater masses could explain this 
discrepancy.

These results confirm  previous findings but also 
emphasize the uniqueness o f this extraordinary en­
vironm ental setting.

Addit ional in format ion

Dinoflagellate cysts and other palynomorphs were 
extracted and counted by Kenneth Mertens. Interpre­
tations were done by Kenneth Mertens. This chapter 
has been accepted fo r publication in Boreas.
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CHAPTER 7

Reconciling dinoflagellate cyst 
and Mg/Ca records as tools 
for temperature, salinity and 
productivity reconstructions 
during the last 40000 years in the 
Southern Gulf of Cádiz
ABSTRACT

The southern Gulf o f Cádiz is a particularly climatologically sensitive region, acting as a natural laboratory to 
record variations o f the North A tlantic Oscillation (NAO). Past variations triggered assemblage and morphological 
changes o f dinoflagellate cysts and other palynomorphs, analysed from  core GeoB9064-l. The recovered d inofla­
gellate cyst assemblages are dominated by abundances o f Lingulodinium machaerophorum, which are determ ined 
by enhanced fluvial supply during negative NAO phases, pronounced during precession minima. This enhanced 
fluvial supply causes transport and enhanced preservation via mineral ballasting o f Lingulodinium machaero­
phorum  cysts and o ther organic components. Positive NAO phases can be related to  higher upwelling conditions 
during HEs, and are m irrored in cooler Mg/Ca SSTs, W/C ratios, "B itectatodinium  tepikiense-Nematosphaeropsis 
labyrinthus  events" and bisaccate pollen. Despite a short lag, Lingulodinium machaerophorum  average process 
lengths and paired Mg/Ca -  5180  deduced salinities reflect enhanced precipitation conditions during the B0lling/ 
Aller0d and m iddle Holocene over the Mediterranean area. These salinity changes are in sync w ith  tem perature 
differences between Mg/Ca and alkenone derived SSTs, which can be related to  lateral advection o f alkenones, 
which thus exhibit a salinity influence.

1. In t roduc t ion

The Gulf o f Cádiz is located between the Iberian 
Peninsula and Morocco, west o f the Strait o f Gibraltar 
in the East A tlantic (Figure 1). In the east, the Gulf 
o f Cádiz is connected to the Mediterranean, and in 
the west to the open Atlantic Ocean. Current circula­
tion patterns in the Gulf o f Cádiz are characterised 
by a dynamic oceanographic setting, controlled by 
exchanges o f w ater masses through the Strait o f 
Gibraltar. The main rivers draining the M iddle Atlas

in the Moroccan borderlands are the Sebou River 
and other rivers (Figure 1) o f which the plumes 
spread over a large coastal area (Warrick and Fong, 
2004) and provide im portant contributions to  the 
sediments. Trade-wind coastal upwelling occurs in a 
narrow 5-km band on the shelf (M itte lstaedt, 1991) 
and this is a much smaller zone than o ff the northern 
margin o f the Gulf o f Cádiz (Ruiz and Navarro, 2006) 
and towards the southern Canary Islands (Pelegri et 
al., 2004).

The climatological regime in the Gulf o f Cádiz
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Figure 1 Map o f the Gulf o f Cádiz connected to the Mediterranean through the narrow Strait o f Gibraltar and surrounded by Iberian Peninsula 
and Morocco. Depth contours are every 1000 m. In Morocco main rivers are drawn. M ajor coastal cities are marked, next to the location of

the studied core GeoB9064-l.

extends down to  28°N and is typical fo r the M edi­
terranean region. It is called the "Mediterranean 
regime" and switches between a dry summer season 
and a rainy w in te r season (Hsu and Wallace, 1976). 
Over the past decades, changes in this climatological 
regime in southern Europe can be related to  changes 
in the North A tlantic Oscillation (NAO), w ith  negative 
NAO indices related to  averagely higher atmospheric 
moisture and warm er tem peratures and positive 
NAO indices associated w ith  higher arid ity and cooler 
tem peratures (Hurrell, 1995). These variations are 
observed over longer time-scales in the M editerra­
nean, on centennial (Luterbacher and Xoplaki, 2003) 
to  m illennial time-scales (M oreno et al., 2004). A 
m ulti-proxy approach using coccoliths, biomarkers 
and grain sizes by Mertens et al. (in prep.) revealed 
a strong im prin t o f this signal in the southern Gulf 
o f Cádiz. To complete the palaeoceanographical 
framework, a climatic reconstruction based on pa­

lynomorphs and Mg/Ca ratios and stable oxygen 
isotopes measured on the shells o f the planktonic 
fora m inifer Globigerina bulloides is presented here.

Dinoflagellate cysts are the hypnozygotes o f uni­
cellular, organic-walled planktonic algae, and are 
considered to  be useful palaeoceanographical tools 
fo r the reconstruction o f late Quaternary productiv­
ity (Reichart and Brinkhuis, 2003; Pospelova et al., 
2006; de Vernal and Marret, 2007) and tem pera­
ture  and salinity (Dale and Dale, 2002; de Vernal et 
al., 2005). Despite possible problems w ith  preser­
vation (Zonneveld et al., 2007; 2008) and transport 
(Dale and Dale, 2002), they have proven useful 
fo r the southern Gulf o f Cádiz (M arret and Turon, 
1994) and the adjacent sea o f Alborán (Combourieu 
Nebout et al., 1999). Also, recent research showed 
tha t dinoflagellate cyst morphology changes w ith 
salinity, and more particular, the process length of 
Lingulodinium machaerophorum  shows a linear re­
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lationship to salinity as demonstrated by studies o f 
cultures (Hallett, 1999) and recent surface sediments 
(Mertens et al., 2009b).

Additionally, an inorganic geochemical method is 
applied based on Mg/Ca elem ent ratios measured on 
shells o f Foraminifera. This method relies on the ther­
modynamically different behaviour o f trace elements 
during the calcification o f Foraminifera, which is 
prim arily a function o f tem perature. Mg/Ca palaeo- 
therm om etry is applied to  reconstruct sea surface 
tem peratures (SSTs) (e.g. Mashiotta et al., 1999; 
Elderfield and Ganssen, 2000; Lea, 2003; Nürnberg 
and Groeneveld, 2006), the major advantage o f 
this method is tha t oxygen isotopes (5180 ) can be 
measured on the same biotic carrier, which ensures 
the recording o f the same seasonality and/or habitat 
effects. Salinity can then be reconstructed using 
paired Mg/Ca -  5180  measurements on foraminifers 
(e.g. Schmidt et al., 2004; Nürnberg and Groeneveld, 
2006). This method can be used as an independent 
control fo r the process length salinity proxy (Mertens 
e t al., 2009a). The selected planktonic foram inifer 
was Globigerina bulloides which can be considered 
representative fo r relatively shallow surface waters 
from  spring to summer in the Gulf o f Cádiz (Rogerson 
et al., 2004).

The aim o f this study in the Southern Gulf o f Cádiz 
is to  (1) docum ent variations o f marine producti­
v ity  by studying relative and absolute abundances o f 
dinoflagellate cysts, (2) record palaeotemperatures 
based on foraminifera! Mg/Ca palaeotherm om etry 
and dinoflagellate cyst assemblage changes, (3) 
record palaeosalinity variations using the paired M g / 
Ca -  5180  approach and morphological variations o f 
Lingulodinium machaerophorum, (4) reconcile these 
observations w ith  other proxies to reconstruct pa- 
laeoclimate variations in the southern Gulf o f Cádiz, 
and explain how these are coupled to  migrations o f 
the NAO.

2. Material and methods

Gravity core GeoB9064-l (35°24.91'N, 6°50.72'W; 
702 m w ater depth, 544 cm recovery) was collected 
during RV Sonne cruise S0175 to  the Gulf o f Cádiz, 
which was organised by MARUM, Bremen, Germany

(Kopf et al., 2004). The core analysed in th is study is 
located on the Moroccan continental margin, in the 
El Arraiche mud volcano field (Van Rensbergen et al., 
2005; Foubert et al., 2008), in the southern part o f the 
Gulf o f Cádiz. As the core lies outside the influence o f 
the Mediterranean O utflow  plume characterised by 
strong hydrodynamics (Rogerson et al., 2005), it has 
potential to  contain a relatively undisturbed palae- 
oceanographic record compared to  cores w ith in  or 
close to the Mediterranean O utflow  plume. All data 
are accessible as Supplementary data.

2.7 Chronostratigraphic framework

Core GeoB9064-l is dated w ith  6 accelerator mass 
spectrometry (AMS) 14C dates on planktonic fora­
minifera, over the studied interval. Oxygen isotopes 
were measured on Neogloboquadrina pachyderma 
(dextral), and were used together w ith  a Ti XRF record 
to  tune to the GISP 2 isotope record using Analyseries 
2.0 (Paillard et al., 1996) and is discussed elsewhere 
(Mertens et al., in prep.).

The record ranges from  41300 to 1600 cal. yrs BP, 
and span the Last Glacial Maximum, Bplling/Allerpd 
(BA), Younger Dryas (YD) and Heinrich event (HE) 1 
to  4. Sedimentation rates vary between 8 and 34 
cm /  kcal.yrs. Samples fo r Mg/Ca and palynological 
analysis were taken at 10 cm intervals. Given the 
range o f sedimentation rates, the sampling interval 
yields an average tem poral resolution o f 730 years 
and range between 212 and 1,875 years.

2.2 Palyno logica l preparation and light 
microscopy

A to ta l o f 54 samples w ith  a dry w eight o f 9.5 
to  13.1 g were prepared fo r palynological analysis 
fo llow ing the maceration technique described in 
Louwye et al. (2004). Two to three Lycopodium  
tablets, containing a known number o f spores were 
added at the beginning o f the palynological prepara­
tion. The trea tm ent involved décalcification w ith  cold 
HCI (10%) and subsequent removal o f silicates w ith 
cold HF (40%). The remaining organic fraction was 
then sieved at 20 pm on a nylon mesh and mounted 
w ith  glycerine jelly. Due to the large abundance o f 
Lingulodinium machaerophorum  in the samples
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(averagely 64% o f the assemblage), it was chosen to  
reach a count o f m inim um 400 dinoflagellate cysts, 
excluding Lingulodinium machaerophorum. This 
meant tha t between 1,450 and 4,868 dinoflagellate 
cysts needed to  be counted. All o ther organic-walled 
palynomorphs encountered were also counted per 
sample. Lycopodium  spores were counted to  calculate 
cyst concentrations (cysts/cm3). Accumulation rates 
were calculated by m ultip lying w ith  sedimentation 
rates and dry bulk densities (Mertens et al., in prep.). 
All micrographs are taken w ith  a Zeiss AxioCam MRc5 
camera mounted on a Zeiss Axioskop 2 Plus m icro­
scope. Taxonomy used follows Rochon et al. (1999) 
and Fensome and W illiams (2004). Selenopemphix 
quanta  s.I. includes cysts o f Protoperidinium nudum. 
Tests w ith  the "best analogue m ethod" developed fo r 
dinoflagellate cysts by de Vernal et al. (1994, 1998) 
w ith  our data were unsuccessful, due to the over­
representation o f Lingulodinium machaerophorum  in 
the assemblages, a sim ilar problem encountered by 
Eynaud et al. (2000). Chlorophyll-a concentrations in 
the upper w ater column (Y) and bottom  w ater oxygen 
concentrations (0 2) are reconstructed from  cysts 
known to  be extremely sensitive to  aerobic decay 
(S-cysts) and cysts resistant against aerobic decay 
(R-cysts) (Table 1) using equations from  Zonneveld et 
al. (2007):

Y =0.0002 *r+0.2271

The morphological variation o f Lingulodinium  
machaerophorum  was studied by measuring the 
3 longest processes o f 50 cysts per sample, when 
possible and follows (Mertens et al., 2009b). The 
longest processes are chosen fo r three reasons. Firstly, 
the longer processes would reflect unobstructed 
grow th during form ation o f the cyst. Secondly, since 
only a restricted number o f processes are measur­
able per cyst it is necessary to  make a consistent 
approach by choosing the longest processes. Thirdly, 
the largest variation is obtained by choosing the 
longest processes, and this provides a more accurate 
proxy. The length o f each process was measured

Table 1 List o f cyst-species included w ith in the S-cyst and R-cyst 
groups.

S-cysts R-cysts

Brigantedinium  sp. Im pagid in ium  sp.
Echinidinium  sp. Nematosphaeropsis labyrinthus

Lejeunecysta sp. Operculodinium  israelian ium
Quinquecuspis concreta cyst o f Pentapharsodinium  dalei
Selenopemphix sp.
Trinovantedinium  applanatum

from  the middle o f the process base to the process 
tip. W ith in each cyst, three processes could always 
be found w ith in  the focal plane o f the light m icro­
scope, and fo r this reason this number seemed a 
reasonable choice. Fragments representing less than 
half o f a cyst are not measured, as well as cysts w ith  
mostly broken processes.

kts = In
r  \  

X,

X f j

[o2]=
5.17

l  + e- 1.23*(fa -2 .058)

where:
Y = Chlorophyll-a concentrations (m g/m 3)
r = accumulation rates of R-cysts (cysts/cm2.kyr)

kts = the rate of decay of S-cysts

X. = initial accumulation rate of S-cysts (cysts/cm2.kyr)

Xf = final accumulation rate of S-cysts (cysts/cm2.kyr)

[O ] = bottom water oxygen concentrations (ml/l)

2.3 Mg/Ca and 5 180  analysis on Globi­
gerina bullo ides

For stable oxygen isotope analysis, 10 specimens 
o f Globigerina bulloides were picked from  the >125 
pm fraction fo r each sample. The tests were ultra- 
sonically cleaned in distilled deionized w ater prior to 
analyses. The isotopic analyses o f the planktonic for- 
aminifers were performed w ith  a Finnigan MAT 251 
mass spectrom eter equipped w ith  an automated Kiel 
Carbonate Preparation line. The mass spectrometer 
is calibrated to  NBS 19, and the isotope values are 
reported on the VDPB scale. The external reproduc­
ib ility  o f in-house carbonate standards was ±0.08%o 
fo r 6180  and 0.04%o 618C (1 a values). All results are 
reported in %o relative to  VPDB.

For Mg/Ca analysis, 20 to  50 tests o f Globigerina
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bulloides from  the >125 um fraction were picked 
from  each sample and cleaned according to the 
procedure o f Barker et al. (2003). These specimens 
originate from  the same samples and size fractions 
as the specimens measured fo r stable oxygen isotope 
analysis. W ith a few exceptions, sample spacing was 
10 cm between 0 and 550 cm. A fter dissolution the 
samples were centrifuged fo r 10 minutes at 6000 
rpm and diluted fo r analysis on an ICP-OES (Perkin 
Elmer Optima 3300R, Department o f Geosciences, 
University o f Bremen). The analytical precision o f the 
Mg/Ca analyses fo r Globigerina bulloides is 0.20%, 
while reproducib ility based on replicate samples is ± 
0.12 m m ol/m ol (3.8%). The valid ity o f analyses was 
checked byanalyzingthe Mg/Ca-standard ECRM752-1 
(Greaves et al., 2008), while stability o f the ICP-OES 
was monitored via an in-house standard w ith  a M g / 
Ca ratio o f 2.90 m m ol/m ol. The conversion o f fora­
m inifera! Mg/Ca ratios into SSTMg/Cawas accomplished 
according to  the algorithm o f Mashiotta et al. (1999): 
Mg/Ca = 0.474 e0107SST, R2 = 0.98. The error in terms 
o f SSTm ;r is ± 0.8°C.Mg/Ca

The calculation o f 5180  and palaeo-SSSseawater 1

follows Shackleton (1974), sim ilar to Nürnberg and 
Groeneveld (2006):

SwOM r  = 5wOforam - 2 1 . 9  +  0 .2 7  +  V(310.6 +  (10 *M g /C cSST))

After calculation o f 5180  . the 5180, wasseawater fo ram

corrected fo r the global ice volume signal by subtract­
ing the Waelbroeck et al. (2002) mean-ocean 618Obenth¡c 
record as a reasonable approximation fo r variations 
in the global ice volume, resulting in 518Osw (ivf = 
ice volume free), indicative fo r relative changes in 
local sea water salinity. Due to the relatively shallow 
location o f GeoB9064-l dissolution can be excluded 
from  having an influence on Mg/Ca ratios.

3. Results

3.1 D inoflagellate cyst relative abun­
dance data

A to ta l o f 38 dinoflagellate cyst taxa were identified

in the studied sequence (see species list in Appendix 
VI). Representative dinoflagellate cyst species are il­
lustrated in Plates I and II (1-8). Only three taxa reach 
relative abundances o f more than 15%: Lingulodini­
um machaerophorum  (33-90%), Spiniferites delicatus 
(0-20%) and Spiniferites spp. (4-40%) (Figure 2). 
O ther species o f m inor importance (max. 5-15%) are 
Bitectatodinium tepikiense (0-13%), Operculodinium  
centrocarpum  sensu Wall and Dale (1-8%), Spin­
iferites membranaceus (0-6%), and Impagidinium  
aculeatum  (0-6%). Rare species (max. 1-5%) are 
Brigantedinium  spp. (0-4%), Im pagidinium patu lum  
(0-4%), Spiniferites m irabilis (0-3%), Impagidinium  
spp. (0-3%), Nematosphaeropsis labyrinthus (0-3%), 
Operculodinium israelianum  (0-3%), Trinovantedini­
um applanatum  (0-3%), Polykrikos schwarzii (0-3%), 
Selenopemphix nephroides (0-3%), Spiniferites hype­
racanthus (0-2%), Im pagidinium sphaericum  (0-2%), 
Selenopemphix quanta  (0-2%), Spiniferites bentorii 
(0-2%), Spiniferites elongatus (0-2%) and Spiniferites 
ramosus (0-1%). Very rare species (<1%) are Ataxio­
dinium choane, Brigantedinium cariacoense, Echini­
dinium  spp., Im pagidinium pallidum, Impagidinium  
sphaericum, Im pagidinium velorum, Islandinium  
m inutum , Tectatodinium pellitum , Lejeunecysta spp., 
cyst o f Pentapharsodinium dalei, Pyxidinopsis reticu­
lata, Tuberculodinium vancampoae and Quinquecus­
pis concreta. Similar assemblage was identified as in 
the Gulf o f Cádiz by M arret and Turon (1994) and in 
the Alborán Sea by Combourieu Nebout et al. (1999).

The samples are dominated by autotrophic 
cysts (88-99%), more particularly by Lingulodinium  
machaerophorum  (33-90%) and Spiniferites spp. 
(5-59%), and % Lingulodinium machaerophorum  
shows tw o  distinct increases, during the BA and 
around 35 kyr, whereas % Spiniferites shows distinct 
decreases at these moments (Figure 2). Protoperidi- 
niacean heterotrophic cysts are rather rare (0.5-13%), 
and are dominated by Brigantedinium  spp., Trino­
vantedinium applanatum  and Selenopemphix spp. 
There are distinct peaks in the relative abundance o f 
heterotrophic dinoflagellate cysts, during the BA and 
around 35 kyr, right at the tim e when autotrophic 
cysts reach lowest values (Figure 3).

Reworked (mainly Cretaceous) dinoflagellate cysts 
were frequently encountered and reached relative
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Plate 1 Micrographs from  representative autotrophic dinoflagellate cysts from  GeoB9064-l, Gulf of Cádiz. (1) 474 cm, typical view of 
GeoB9064-l palynological samples composed of Lingulodinium machaerophorum. (2-3) 309 cm, Lingulodinium machaerophorum. Note d if­
ferences in process lengths. (4) 474 cm, Lingulodinium machaerophorum. (5) 474 cm, Spiniferites bentorii. (6) 14 cm, Spiniferites ramosus. (7) 
414 cm, Spiniferites delicatus, middle focus. (8) 309 cm, Spiniferites delicatus, upper focus. (9) 309 cm, cyst of Pentapharsodinium dalei. (10) 
474 cm, Operculodinium centrocarpum  sensu Wall & Dale. (11) 434 cm, Impagidinium patulum. (12) 14 cm, Nematosphaeropsis labyrinthus. 
(13-14) 414 cm, Pyxidinopsis reticulata  w ith reticulate pattern w ith additional ridges. (15-16) 504 cm, Bitectatodinium tepikiense w ith mi-

croreticulate pattern. All scale bars are 20 pm.

abundances up to  4.2%.

3.2 Dinoflagellate cysts concentrations  
and accumulation rates

The dom inant Lingulodinium machaerophorum  
concentrations range between 1,606 and 127,521 
cysts per gram and show synchronous fluctuations to 
the relative abundances, except around 28 kyr (Figure 
3). Accumulation rates o f Lingulodinium machaero­

phorum  range from  11,397 to  1,711,471 cysts/cm2.ka, 
and are in sync w ith concentrations.

Autotrophic dinoflagellate cyst concentrations 
range from  2,904 to  145,358 cysts per gram sediment 
and show some opposite fluctuations to  the relative 
abundance o f autotrophic dinoflagellate cysts, related 
to  enhanced relative abundances o f heterotrophic 
dinoflagellate cysts (Figure 3). Accumulation rates o f 
autotrophic dinoflagellate cysts range from  20,612
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Plate 2 Micrographs from representative heterotrophic dinoflagellate cysts, reworked dinoflagellate cysts and other palynomorphs from 
GeoB9064, Gulf of Cádiz. (1) 309 cm, Brigantedinium simplex, high focus. (2) 434 cm, Quinquecuspis concreta w ith  longitudinal striations. (3)309 
cm, Selenopemphix nephroides. (4) 434 cm, Polykrikos schwartzii. (5) 434 cm, Trinovantedinium applanatum. (6) 474 cm, Selenopemphix quanta. 
(7) 434 cm, reworked dinoflagellate cyst. (8) 474 cm, reworked dinoflagellate cyst. (9) 434 cm, Cymatiosphaera sp. (10) 474 cm, Tasmanites 

sp. (11) 309 cm, Asteraceae pollen grain, typical for arid, open environments. (12) 309 cm, bisaccate pollen. All scale bars are 20 pm.

to  1,927,122 cysts/cm2.ka, and are in sync w ith  auto­
troph ic dinoflagellate cyst concentrations.

Heterotrophic dinoflagellate cyst concentrations 
range from  26 to  3,198 dinoflagellate cysts per gram 
sediment, and show synchronous fluctuations to  the 
relative abundance o f heterotrophic dinoflagellate 
cysts (Figure 3). Accumulation rates o f heterotrophic 
dinoflagellate cysts range from  185 to  84,481 cysts/ 
cm2.ka, and are in sync w ith  heterotrophic dinoflagel­
late cyst concentrations.

Chlorophyll-a concentrations vary between 0.35 
and 2.69 m g /m 3, w ith  elevated concentrations during 
the BA and around 35 kyr. Bottom water oxygen con­
centrations fluctuate between and 2.94 and 5.16 m l/I, 
w ith  lower bottom  water oxygen concentrations 
during the BA and around 35 kyr. The average bottom 
w ater oxygen concentrations during the Holocene 
(5.14 m l/l) are higher than current average bottom

water concentrations at 600 m w ater depth (4.27 
m l/l) (gridded I o World Ocean Atlas 2005, Garcia et 
al., 2006).

It must be stressed tha t the residue was sieved 
on a 20 pm mesh, and tha t part o f the Lycopodium 
spores were possibly lost during sieving (Lignum et 
al., 2008; Mertens et al., accepted). However, the 
large fluctuations in concentrations and accumula­
tion rates can not solely be attributed m ethodologi­
cal issues.

3.3 Temperature reconstructions

Globigerina bulloides thrives in relatively shallow 
waters during spring and summer (Rogerson et al.,
2004), and is thus representative fo r these environ­
ments. The Mg/Ca SST reconstruction measured on 
Globigerina bulloidesy\e\óstemperatures over a range 
o f 13.8 -  21.0°C, w ith  minima during HEs, (Figure 4).
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Relatively stable tem peratures are observed during 
the Holocene and contrasts sharply w ith  the abrupt 
shifts during the glacial period. SST oscillations during 
the Holocene are not greater than 2°C (19-21°C) and 
are close to  the actual annual tem perature o f 18.9 

°C, while the SST changes o f the glacial period range 
between 14 and 20°C. Trends are relatively similar 
to  Uk37SST and TEX86 SST curves (M ertens et al., in 
prep.), but are relatively w arm er during interstadials.

Following Versteegh (1994) and Combourieu 
Nebout et al. (1999), the ratio o f most therm ophile  
dinoflagellate cyst taxa vs. less therm ophile taxa 
(W/C) is used as a proxy fo r changes in sea-surface 
temperatures. In the present study, w arm -w ater in­
dicating species are selected follow ing M arret and 
Zonneveld (2003): Im pagidinium patulum , Oper­
culodinium israelianum, Polykrikos schwarzii, Sele­
nopemphix nephroides, Spiniferites membranaceus, 
Tectatodinium pellitum , Tuberculodinium vancamp­
oae. Specific fo r this site, additional w arm -w ater in­
dicators are according to Turon and Londeix (1988): 
Im pagidinium aculeatum, Im pagidinium strialatum , 
Spiniferites hyperacanthus and Spiniferites mirabilis, 
to  which Impagidinium paradoxum  can be added, 
since its d istribution is sim ilar to  Impagidinium  
aculeatum  (M arre t and Zonneveld, 2003). On the 
opposite side, cold-water indicators according to  the 
la tter authors are Bitectatodinium tepikiense, Impa­
gidinium pallidum, Islandinium minutum , cyst o f Pen­
tapharsodinium dalei and Spiniferites elongatus, to  
which Nematosphaeropsis labyrinthus can be added 
(Eynaud et al., 2000). Lingulodinium machaeropho­
rum  can be designated as a w arm -w ater species 
(M arre t and Zonneveld, 2003), but here it is regarded 
as responding mainly to  variations in productivity, 
being transported from the shelf (see §5.1). Opercu­
lodinium centrocarpum  is considered to  be a species 
too ubiquitous (e.g., Edwards and Andrle, 1992; de 
Vernal et al., 1994) to be used in such a ratio. The 
W/C value is calculated according to the fo llow ing 
equation:

Ww/c = ——  w+c
where:

W = the number of cysts of warm-water indicator taxa 
C = the number of cysts of cool-water indicator taxa

The W/C ratio allows detection o f most o f the HEs 
(excluding H I) and fluctuations are sim ilar to  M g / 
Ca SSTs, w ith  relatively warm glacial tem peratures 
(Figure 4).

3.4 Salin ity reconstructions

Using the paired Mg/Ca -  5180  approach, both 
518Oswand 6180  are calculated and show sim ilar 
fluctuations (Figure 5). Lower values indicate lower 
salinities and vice versa. Lingulodinium machaero­
phorum  average process length varies between 14.92 
and 20.8 pm. Since process length is related both to 
salinity and tem perature (M ertens et al., 2009b), it 
was attempted to  calculate absolute salinity varia­
tions using the available tem perature reconstruc­
tions, but this resulted in unrealistic results (changes 
in salinity over 12 psu). Since it can be noted tha t 
the process length record lags the 618Oseawater record, 
between ~1500 and 2000 years, this result can be at­
tribu ted  to transport issues (see 5.1 fo r fu rthe r discus­
sion). Despite this, average process length variation 
can be used fo r a sem i-quantitative in terpretation o f 
salinity variations.

On a glacial-interglacial scale, both proxies show a 
more saline Gulf o f Cádiz during the last glacial versus 
a fresher interglacial. On a millennial time-scale, both 
proxies show fresher events (pronounced during 
BA and early Holocene) and more saline stadials 
(all HE excluding H3). The freshening events would 
correspond to  ~2 psu, calculated using the modern 
5180  versus salinity relationship fo r latitudesseawater ‘  1

between 20°N and 50°N and longitudes between 
20°W and 20°E (Schmidt et al., 1999).

Differences between Mg/Ca and alkenone based 
sea surface tem peratures have previously been 
related to  lower salinities in the Gulf o f Guinea 
(Weldeab et al., 2007). In the Gulf o f Cádiz the 
situation is reversed since higher salinities result 
in higher differences between SST., and SST,,,,,,0  Mg/Ca Uk 37

(Figure 5). This suggests tha t in the Gulf o f Cádiz, 
Globigerina bulloides is produced in situ  under more 
saline, relatively w arm er conditions and alkenones 
are produced in and rapidly transported from  areas
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Figure 4 SST proxies measured on core GeoB9064-l: TEXg6, Uk' , Mg/Ca on Globigerina bulloides and ratio between 
"W arm " and "Cold" dinoflagellate cyst taxa (W/C). bars indicate stadials.

reflecting cold, fresher conditions, i.e. coastal areas 
w ith  enhanced fluviatile  input. This explains why 
alkenone SSTs correlate w ith  5180  measured on the 
foram inifer Neogloboquadrina pachyderma (dextral), 
and are influenced by salinity variations (Mertens et 
al., in prep.).

3.5 O ther palynomorphs

Concentrations o f all o ther palynomorphs show 
sim ilar fluctuations as the ir accumulation rates, so 
only accumulation rates are discussed (Figure 6). 
Representative o ther palynomorphs are illustrated in 
Plate II, 9-12.

Most abundant o ther palynomorphs in the sam pies

are faunal remains o f Zooplankton (copepod eggs, mi- 
croforam iniferal linings, scolecodonts and tintinnids). 
Accumulations o f m icroforam iniferal linings show 
significant peaks succeeding H I and preceding the 
YD, around 18 kyr and around 35 kyr. Accumulation 
rates o f scolecodonts and copepod eggs show similar 
fluctuations, w ith  peaks during the BA and around 
35 kyr. T intinnid loricas are present in too  negligible 
amounts to represent reliable fluctuations.

The most abundant floral remains are pollen, 
mainly bisaccate and non-bisaccate pollen. Spores 
are present in negligible amounts. Accumulation 
rates o f bisaccate pollen show significant peaks suc­
ceeding H I and preceding the YD, and around 35 kyr. 
Accumulations o f non-bisaccate pollen peak during
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Figure 5 SSS proxies measured on core GeoB9064-l: A. Lingulodinium mochoerophorum  average process length, B. 618Osw and C. 618Osw |VF. 
D. difference between SST reconstruction based on Mg/Ca and alkenones. Grey arrows denote a lag between the average process length ana

618Oc<„ record.

BA and around 35 kyr (Figure 6). Chlorophyta [Pe­
diastrum) and Prasinophyta (Cymatiosphaera) were 
present, but in insignificant amounts.

O ther palynomorphs tha t were encountered were 
acritarchs (a.o. Cyclopsiella and Halodinium). All 
these components were quite rare and did not show 
any clear trends.

4. Discussion

Since dinoflagellate cysts assemblages are 
dominated by Lingulodinum machaerophorum, the 
in terpretation o f the record is focused on this species. 
It is generally agreed tha t increases o f the cyst o f Lin­
gulodinium polyedrum  are related to increases in 
nu trien t input and thus indicate higher productivity 
(Dale and Fjellsá, 1994; Dale et al., 1999; Dale, 2008).

The higher productivity o f this species can be related 
to coastal runoff, upwelling or anthropogenic input 
(Lewis and Hallett, 1997). For the studied tim e frame 
anthropogenic input can be disregarded, so varia­
tions in Lingulodinium machaerophorum  should be 
a ttributed to  e ither increased upwelling or runoff.

Surface sediments from the Scandinavian Fjords 
(Persson et al., 2000), the western equatorial Atlantic 
(Vink et al., 2000), the North Adriatic (Sangiorgi e t al.,
2005), Kiel Bight (Nehring, 1994), Brittany (Morzadec- 
Kerfourn, 1977) and the NW Canary Basin (Holzwarth, 
pers. comm.) all suggest a link to fluvially deposited 
sediments. Also downcore, higher abundances o f 
this species have been associated w ith  enhanced 
stratification and/or more humid conditions in the 
Mediterranean (Giunta et al., 2006) and the Gulf o f 
Cádiz (M arret and Turon, 1994). The sim ilar fluctua-
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tions o f Lingulodinium machaerophorum  abundances 
to non-bisaccate pollen indeed suggest river related 
input (compare Figure 3 and Figure 6). Furthermore, 
abundances o f Lingulodinium machaerophorum  
in GeoB9064-l are synchronous to accumulations 
o f the coccolith Gephyrocapsa muellerae, organic 
carbon, carbonate and terrigenous matter, which are 
also associated w ith  enhanced river influx (Mertens 
et al., in prep.). A link between higher abundances 
and increased runoff is thus evident. The cause for 
this relation on the o ther hand, can be explained by 
mechanisms o f transport and preservation.

To understand the abundances o f the cysts in this 
slope location, first there is need to trace them  back 
to the ir source. Data from  a global surface sediment 
study show tha t extremely high relative abundanc­
es o f Lingulodinium machaerophorum  (higher than 
90%) are found close to river mouths (M ertens et al., 
2009b). It is thus likely tha t this position forms the 
most im portant area o f cyst production, from  where 
the cysts are transported downslope by low-density 
tu rb id ity  currents and nepheloid sedimentation. This 
transport has been known to  occur, since the cysts 
show a broader and deeper d istribution than the 
corresponding motiles (Dodge and Flarland, 1991) 
and the light but resistant Lingulodinium machaero­
phorum  cysts are transported commonly in the area 
(Combourieu-Nebout et al., 1999). Also, the short 
lag between average process length and 518Osw 
can be explained by cyst transport, which contrasts 
w ith  the heavier Globigerina bulloides exporting the 
climatic signal more rapidly. A parallel can be drawn 
to a study by Mollenhauer et al. (2005), which shows 
lateral advection as an im portant factor to  explain 
age offsets between co-occurring foram inifera and 
alkenones -  which presumably have a comparable 
resistance as dinoflagellate cysts.

Secondly, preservation should be taken into 
account. The enhanced accumulations o f Lingulodin­
ium machaerophorum  and heterotrophic dinoflagel­
late cysts, synchronous to reduced 0 2 concentrations 
during the higher productivity events o f the BA and 
around 35 kyr (Figure 3), supports enhanced organic 
carbon preservation through the "m ineral ballast" 
hypothesis (Thunell e t al., 2007) as suggested by 
Mertens et al. (in prep.). As proposed by Cacho et al.

(2000) in the Alborán Sea, these events can correlate 
w ith  the presence o f lower oxygenated deep w ater 
masses during these interstadials, although do not 
support enhanced deep w ater ventilation during 
stadials.

So despite the fact tha t the living species react 
to  upwelling (Blasco, 1977) or upwelling relaxation 
(Smayda and Reynolds, 2001), it is thus considered 
tha t higher abundances o f Lingulodinium machaero­
phorum  reflect enhanced river discharge over the 
core site and vice versa. Lingulodinium machaero­
phorum  cysts w ill accumulate on the slope w ith  
increased river discharge, w hilst w ith  decreased river 
discharge accumulation w ill rather occur on the shelf. 
The higher am ount o f oligotrophic taxa such as Impa­
gidinium  species and Nematosphaeropsis labyrinthus 
during the Flolocene reflects o ligotrophic conditions 
and suggests significantly reduced river influx (Figure 
2). The conceptual model is shown in Figure 7 and 8. 
The higher accumulations o f Lingulodinium machaero­
phorum  can be related to more negative NAO indices, 
enhancing fluvial supply, most pronounced during 
precession minima (Figure 3) and confirms results o f 
coccoliths and biomarkers (Mertens et al., in prep.). 
It can also be noted tha t copepods, which are known 
to prey on dinoflagellates (e.g. Fluntley et al., 1986; 
Abrahams and Townsend 1993), show sim ilar accu­
mulations as Lingulodinium machaerophorum  accu­
mulations (compare Figure 3 and 6).

Upwelling, active during HEs (Colmenero-Flidalgo 
et al., 2002; Mertens et al., in prep.), is also recorded 
by o ther components. HEs can be associated w ith  a 
shift to  higher upwelling during the w in te r season, 
which results in "B itectatodinium  tepikiense -  Nema­
tosphaeropsis labyrinthus events", also observed by 
Eynaud et al. (2000) (Figure 2). These HEs are also 
well-reflected in all SST proxies, w ith  significant shifts 
in both the Mg/Ca SST and W/C ratio (Figure 4). The 
latter is o f course determ ined fo r a large part by the 
cold-water "B itectatodinium  tepikiense-Nematospha- 
eropsis labyrinthus events". Bisaccate pollen can be 
associated w ith  more arid events (M arret and Turon, 
1994), which confirms more arid conditions during 
H I and YD (Figure 6). Other HEs are less represent­
ed in th is record and could be related to enhanced 
w ind strength during these events (Mertens et al., in
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Figure 7 Model for dinoflagellate cyst deposition during warm, wet climate phases: Lingulodinium machaerophorum  are produced and trans­
ported downslope.
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Figure 8 Model fo r dinoflagellate cyst deposition during cold, arid climate phases: Lingulodinium machaerophorum  are produced but are 
deposited on the shelf. Oligotrophic, oceanic taxa (Nematosphaeropsis labyrinthus and all Impagidinium  species) accumulate on the slope

setting.
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prep.), carrying this component further. These condi­
tions can be related to positive NAO indices.

Despite the lag between both salinity proxies, 
both indicate lower salinities during the BA and 
m iddle Holocene, related to  humid conditions in the 
western Mediterranean (Kallel et al., 1997; Zanchetta 
et al., 2007; Fletcher et al., 2009) and the low-latitude 
A tlantic (Wang et al., 1995). Although this relation 
is observed, salinity changes are not a d irect reflec­
tion o f local hydrological conditions, as reflected by 
accumulations o f Lingulodinium machaerophorum  
(compare Figure 3 and 6), and are more likely the 
sum o f hydrological and oceanographical changes. 
Furthermore, HEs are observed as saltier events 
which can be related to  enhanced upwelling o f saline 
North Atlantic Central W ater (e.g. Wang et al., 1995). 
There is no clear indication in the southern Gulf o f 
Cádiz o f freshwater pulses during HEs as observed o ff 
the Iberian margin (Cayre et al., 1999).

Addit ional  in format ion

Dinoflagellate cysts were extracted, measured 
and counted by Kenneth Mertens and Liesbeth Van 
Kerckhoven. Mg/Ca ratios and oxygen isotopes were 
measured and picked by Kenneth Mertens, Jeroen 
Groeneveld, Thomas Verleye and Maarten Verreth. 
This chapter w ill be submitted.

5. Conclusions

The dinoflagellate cyst record o f core GeoB9064-l 
is dominated by abundances o f Lingulodinium  
machaerophorum, which is determ ined by enhanced 
fluvial supply. This enhanced fluvial supply causes 
transport and enhanced preservation via mineral 
ballasting o f Lingulodinium machaerophorum  cysts 
and other organic components. The fluctuations o f 
Lingulodinium machaerophorum  can be related to 
negative NAO indices, increasing the fluvial supply, 
more particularly during precession minima.

Upwelling during HEs is reflected as cooler Mg/Ca 
SSTs, W /C ratios, "B itectatodinium  tepikiense-Nem- 
atosphaeropsis labyrinthus events" and bisaccate 
pollen and can be related to positive NAO indices.

Despite a short lag, Lingulodinium machaero­
phorum  average process lengths and Mg/Ca -  5180  
deduced salinities reflect enhanced precipitation 
conditions during the BA and m iddle Holocene over 
the Mediterranean area. These salinity changes are 
in sync w ith  tem perature differences between M g / 
Ca and alkenone derived SSTs and can be related to 
lateral advection o f alkenones.
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Conclusions
The present study demonstrated tha t coccoliths 

and dinoflagellate cysts are very useful as paleocli- 
matological indicators fo r the elucidation or a better 
understanding o f the late Quaternary regional and 
global palaeoclimate. Vice versa, th is study also 
reveals new insights in coccolithophore and d inofla­
gellate palaeoecology.

1. Rationale for applicat ion of 
d ino f lage l la te  cysts

At the outset, tw o fundam ental studies were un­
dertaken to  strengthen dinoflagellate cysts as a proxy 
fo r paleoecological studies. Since so-called 'standard' 
palynological processing methods are still very 
variable, and in flic t damage on organic-walled m icro­
fossils to  a certain extent, the effect on the determ i­
nation o f dinoflagellate cyst concentrations needed 
to  be sorted out. Furthermore, since there were in­
dications tha t process length variation o f Lingulodi­
nium machaerophorum  is related to salinity, there 
was a need to assess its use fo r quantitative palaeo- 
salinity reconstruction, which is o f critical importance 
fo r better understanding o f global climate change.

Firstly, the m ethodology fo r adding a Lycopodium 
clavatum  spike to determ ine absolute abundances 
o f dinoflagellate cysts was critically revised in an in­
ternational calibration exercise w ith  23 participating 
laboratories. A new standard methodology was 
proposed which circumvents critical steps such as 
oxidation, warm acids, acetolysis, large mesh sizes (> 
15 pm), decanting and long ultrasonication (> 1 min).

Secondly, a global morphological study o f Lingu­
lodinium machaerophorum  cysts extracted from 
surface sediments demonstrated tha t the process 
length variation is determ ined by the salin ity/tem per- 
ature (S/T) ratio. A sim ilar morphology o f a cyst can 
thus be determ ined by different tem peratures and 
salinities, as long as the S/T ratio remains constant.

Measurements o f process length on three-dim en­
sional images, generated w ith  confocal microscopy, 
revealed the existence o f tw o  end-members: one 
w ith  numerous, short, close-by processes related 
to  low S/T ratios and one w ith  fewer and longer 
processes related to high S/T ratios. The tigh t link o f 
morphological variations w ith  the S/T ratio led to  the 
observation tha t biogeographical zonations o f Lingu­
lodinium machaerophorum  are delineated by the S/T 
ratio. This suggests tha t the S/T ratio can serve as a 
too l fo r prediction o f the presence o f cysts o f Lingu­
lodinium polyedrum. Furthermore, and o f equal im ­
portance, this tool enables the reconstruction o f the 
salinity when the tem perature can be reconstructed 
w ith  independent proxies.

2. Two study areas of  mil lennia l-  
scale cycles

Two locations were chosen fo r a high-resolution 
m icropalaeontological study o f hydrological m illen- 
nial-scale cycles during Late Quaternary times: the 
Cariaco Basin, an anoxic basin offshore Venezuela 
and the Southern Gulf o f Cádiz, offshore Morocco. 
Because o f the high sedimentation rates, both sites 
contain a relatively undisturbed Late Quaternary 
climate record. Both record rapid, large climatic 
oscillations related to major hydrological changes 
caused by respectively the in tertropical convergence 
zone (ITCZ) and the North A tlantic Oscillation (NAO). 
Better understanding o f these phenomena through 
geological tim e is crucial in the context o f global 
climate change.
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3. Character izat ion of  mil lennia l-  
scale osci l lat ions

The most im portant constructed proxies fo r both 
regions are summarized in Figure 1 and 2. The 
seasonal and m ulti-year changes between upwelling 
and river dominated ecosystems, related in both 
regions to  climatological shifts o f respectively the 
ITCZ and NAO, can be extended to millennial-scale 
cycles and results in specific assemblages o f both di­
noflagellate cysts and coccoliths.

In the Cariaco Basin, enhanced river supply causes 
enhanced accumulations o f autotrophic dinoflagel­
late cysts during interstadials. Initially th is process 
causes stratification, as indicated by Lingulodinium  
machaerophorum  abundances, and evolves into Spin­
iferites ramosus -  Gephyrocapsa oceanica dominated 
assemblage. This enhanced river supply turns the 
basin anoxic at the beginning o f the B 0 lling/A ller0d. 
Enhanced upwelling during stadials, e.g. during the 
Younger Dryas, is indicated by a Brigantedinium  
spp. -  Emiliania huxleyi dominated ecosystem. In the 
Gulf o f Cádiz enhanced river supply during intersta­
dials causes enhanced abundances o f Lingulodinium  
machaerophorum, Gephyrocapsa muellerae and 
alkenones. Enhanced upwelling during stadials causes 
more outspoken abundances o f large Emiliania 
huxleyi and "Nematosphaeropsis labyrinthus - Bitec­
tatodin ium  tepikiense" events. These hydrological 
variations are also reflected in end-m ember modeled 
grain sizes and XRF records in the Gulf o f Cádiz.

In both areas, changes in assemblages are tightly 
linked to changes in productivity and preservation 
(Table 1). Enhanced preservation o f microfossils is 
tigh tly  linked to  higher productivity and sedimenta­
tion rates in both areas, and confirms the importance 
o f the mineral ballast hypothesis fo r the interpreta­
tion o f these records. Despite sim ilar fluctuations 
in tem perature and salinity, there is a crucial d iffer­
ence between both areas in terms o f sedimentation 
rates: in the Cariaco Basin higher upwelling causes 
enhanced sedimentation rates, whilst in the Southern 
Gulf o f Cádiz higher river input causes enhanced sedi­
mentation rates and vice versa. This implies tha t both 
regions react contrary to  climate change in terms 
o f productivity and preservation: the Cariaco Basin

enhances organic carbon and carbonate burial during 
stadials, whilst the Gulf o f Cádiz does the opposite.

It must be stressed tha t the millennial-scale 
changes are fu rthe r modulated on orbital-scale 
by changes in sea-level which cause pronounced 
changes in both areas. In the Cariaco Basin, rising 
sea-levels cause influx o f nu trien t rich subtropical un­
derwater over the sills during interglacials, giving up 
its isolated nature and making it anoxic. In the Gulf o f 
Cadiz sea-level rises causes a change in deposition o f 
terrigenous material from  slope to  shelf deposition 
and vice versa.

Apart from  productivity reconstruction, the focus 
was laid on quantitative tem perature and salinity 
reconstructions, which are crucial fo r climate re­
construction. In the Gulf o f Cádiz, sea surface tem ­
peratures were reconstructed using glycerol dialkyl 
glycerol tetraethers (GDGTs), alkenones and Mg/Ca 
ratios measured on Globigerina bulloides. Recon­
structed tem peratures fluctuate synchronously but 
d iffer in amplitude, which can be related to seasonal­
ity, salinity changes or lateral advection. The W arm / 
Cold ratio -  based on dinoflagellate cyst assem­
blages -  and morphological variations o f Emiliania 
huxleyi point to  sim ilar fluctuations, and are useful 
fo r the detection o f Heinrich events. The correlation 
between alkenone derived tem peratures and the Ti 
XRF record suggests a tem perature com ponent in the 
hydrological variations caused by the NAO. In the Ti 
XRF record, cycles o f 1000 and 585 year are recorded, 
which can be related to positive NAO indices. Sea 
surface salinity reconstructions in both regions relied 
on the new proxy based on process length variation 
o f Lingulodinium machaerophorum  and paired M g / 
Ca -  5180 records and can be correlated. Differences 
between the salinity proxies and hydrological proxies 
are noted in both areas and suggest carefulness when 
interpreting hydrological proxies in terms o f salinity 
variations and vice versa. Salinity changes reflect 
saline interstadials versus fresh stadials in both areas 
and are related to  the combination o f both global and 
regional hydrological and oceanographical changes.
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Figure 1 Most im portant proxies used in this study measured on cores from  the Cariaco Basin (ODP 1002C and PL07-39PC). Productivity and 
preservation is estimated using coccoliths (coccolith accumulation rates and the GEX dissolution index), dinoflagellate cysts (relative and 
absolute abundances o f dinoflagellate cysts) and rain ratio (ratio between TOC and Carbonate). Temperature is quantified from  Mg/Ca ratios 

(Lea et al., 2003) and salinity is sem i-quantified using the paired Mg/Ca-6180  approach (Schmidt et al., 2003).
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Figure 2 Most im portant proxies used in this study measured on core GeoB9064-l. Productivity and preservation is estimated using coccoliths 
(large E. huxleyi and G. muellerae) and dinoflagellate cysts (more particularly Lingulodinium machaerophorum). Temperature is quantified 

using alkenone and GDGT derived SST and Ti XRF measurements. Salinity variations are estimated using the paired Mg/Ca-6180  approach.
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Table 1 Comparison o f both areas in terms o f microfossil assemblages, productivity vs. preservation and derived climate parameters during 
millennial-scale oscillations.

Enhanced upwelling Enhanced river supply

Dinoflagellate cysts Heterotrophic cysts (RBCs) Autotrophic cysts (L  m achaerophorum  + S. ramosus)

Coccoliths Em iliania huxleyi Gephyrocapsa oceanica

Sedimentation rate Higher Lower

Productivity Higher Lower

Cariaco Basin Preservation Enhanced Worse

Temperature Colder Warmer

Salinity Fresher More saline

Precipitation Arid W et

Related to ITCZ South ITCZ North

Timing Stadials Interstadials

Dinoflagellate cysts N. labyrinthus - B. tepikiense Lingulodinium m achaerophorum

Coccoliths large Em iliania huxleyi Gephyrocapsa m uellerae

Sedimentation rate Lower Higher

Productivity Lower Higher

Gulf of Cádiz Preservation Worse Enhanced

Temperature Colder Warmer

Sainity Fresher More saline

Precipitation Arid W et

Related to NAO+ NAO-

Timing Stadials Interstadials

4. Trade-offs and questions 
surrounding the used proxies

Coccoliths have the advantage o f being extremely 
abundant in the studied sediments. The very low 
am ount o f sediment needed to  study the assemblag­
es has potential to  study variations on a very fine- 
scale (seasonal or less). Their preservation potential, 
however, causes difficulties w ith  identification and 
over-representation o f resistant h igh-productivity 
species, which often complicates in terpretation o f 
assemblage changes.

Dinoflagellate cysts on the other hand, show 
lower abundances in the sediments, which restricts 
the ir application on very high resolution. In term s o f 
taphonomy, preservation o f heterotrophic d inofla­
gellate cysts is very variable, and prone to  changes

in productivity and oxygenation. The preservation o f 
autotrophic dinoflagellate cysts on the other hand 
is excellent in both areas, which makes them very 
reliable indicators fo r changes in productivity and 
salinity reconstructed from  morphological variation.

This study also reveals tha t lateral advection o f 
resistant components could be crucial in in terpre­
tation o f the hydrological variations in both areas. 
The occurrence o f an im portant am ount o f shelf- 
produced material in both sites located at slope 
depth suggests an im portant influence o f transport 
from  the shelf, possibly causing lags between pelagic 
and shelf components. In this respect, it remains 
also unknown how im portant tu rb id ites or bottom 
currents are causing changes in the record.

Despite these taphonomical problems, this study 
shows tha t only by using a m ulti-proxy approach,

139



- CONCLUSIONS -

which takes into account necessary corrections fo r 
sedimentation rate, palaeoclimate reconstruction is 
still possible.

5. Comparing higher and lower 
lat i tudes

This study demonstrates tha t climate variations 
in both areas, as expressed by the studied proxies, 
succeed or are synchronous to changes in higher 
latitudes. There is no evidence to  support a trigger 
mechanism o f millennial-scale changes from lower 
latitudes (the so-called "tropical driver-hypothesis"). 
However, the expression o f rapid, large shifts in pro­
ductiv ity and assemblages o f both planktonic groups 
linked to  shifts o f the ITCZ or NAO, suggests a strong 
sensitivity o f both regions to rapid climate change, 
which makes these lower latitude areas extra fragile 
in terms o f ongoing global climate change. Since 
these variations are inferred to be hydrological, rapid 
near-future changes in rainfall should be expected at 
both sites.

6. Future perspect ives

Since millennial-scale shifts o f both phenomena 
occur during the same periods (e.g. Younger Dryas), 
fu tu re  w ork should elucidate the precise tim ing o f 
both phenomena by comparing detailed multi-proxy 
records from  north-south transects in both areas. On 
a finer scale, stacking o f shelf to  slope records could 
elim inate sea level effects, and extract "clean" NAO or 
ITCZ fluctuations. Detailed sediment-trap studies in 
both areas could fu rthe r help to confirm  the inferred 
interpretations o f climate variations.
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Appendices

Appendix  I

Acanthoica Lohmann, 1903 emend. Schiller 1913 and Kleijne, 1992 

Acanthoica biscayensis Kleijne, 1992

Braarudosphaera bigelowii (Gran and Braarud, 1935) Deflandre 1947 

Calcidiscus leptoporus (Murray and Blackman, 1898) Loeblich and Tappan, 1978 

Calciosolenia brasiliensis (Lohmann, 1919) Young et al., 2003 

Calciosolenia murrayi Gran, 1912 

Ceratolithus cristatus Kamptner, 1950

Coccolithus pelagicus (Wallich, 1877) Schiller, 1930 ssp. pelagicus

Coccolithus pelagicus ssp. braarudii (Gaarder, 1962) Geisen et al., 2002

Coronosphaera mediterranea (Lohmann, 1902) Gaarder, in Gaarder and Heimdal, 1977

Discosphaera tubifera (Murray and Blackman, 1898) Ostenfeld, 1900

Emiliania huxleyi (Lohmann, 1902) Hay and Mohler, in Hay et al., 1967

Gephyrocapsa ericsonii McIntyre and Bé, 1967

Gephyrocapsa muellerae Bréhéret, 1978

Gephyrocapsa oceanica Kamptner, 1943

Hayaster perplexus (Bramlette and Riedel, 1954) Bukry, 1973

Helicosphaera carteri (Wallich, 1877) Kamptner, 1954

Helicosphaera pavimentum Okada and McIntyre, 1977

Helicosphaera wallichi (Lohmann, 1902) Okada and McIntyre, 1977

Oolithotus antillarum (Cohen, 1964) Reinhardt, in Cohen and Reinhardt, 1968

Ooltihotus fragilis (Lohmann, 1912) M artin i and Muller, 1972

Pontosphaera Lohmann, 1902

Pontosphaera discopora Schiller, 1925

Pontosphaera multipora (Kamptner, 1948) Roth, 1970

Pontosphaera syracusana Lohmann, 1902

Reticulofenestra parvula (Okada and McIntyre, 1977) Biekart, 1989

Reticulofenestra sessilis (Lohmann, 1912) Jordan and Young, 1990

Rhabdosphaera clavigera Murray and Blackman, 1898

Scyphosphaera apsteinii Lohmann, 1902

Syracosphaera Lohmann, 1902

Syracosphaera ampliora Okada and McIntyre, 1977

Syracosphaera anthos (Lohmann) Janin, 1987

Syracosphaera lamina Lecal-Schlauder, 1951

Syracosphaera molischii Schiller, 1925

Syracosphaera pulchra Lohmann 1902

Umbellosphaera Paasche in Markali and Paasche, 1955

Umbilicosphaera foliosa (Kamptner 1963, ex Kleijne 1993) Geisen in Sáez et al., 2003

Umbilicosphaera hulburtiana Gaarder, 1970

Umbilicosphaera sibogae (W e b e r-van Bosse 1901) Gaarder, 1970
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Appendix I I

Error calculation according to Stockmarr (1971) 

According to Stockmarr (1971) to ta l error is

e = yje^2 + en 2 + e3 2 

where:

e x =  error on num ber o f spores in m arker tablets

^cysts counted
e n =   =  error on dinoflagellate cysts counted

cysts counted 

■¡Jspores counted
e 3 = ---------------------------------------  =  error on the num ber o f spores counted

spores counted
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Appendix I I I

Species name Grouped under North
Sea

Celtic
Sea

N W
Africa

Benguela

Achomosphaera andalousiensis Jan du Chêne 1977
Cysts o f Alexandrium affine (loue & Fukuyo 1985) Balech 1985
Cysts o f Alexandrium tamarense (Lebour 1925) Balech 1985

Spiniferites s.l.
Cyst o f Alexandrium  spp. 
Cyst o f Alexandrium  spp.

X

X

X
X
X

X
X

Ataxiodinium choane Reid 1974 Ataxiodinium choane X X X
Bitectatodinium spongium  Zonneveld 1997 Bitectatodinium  spp. X X X
Bitectatodinium tepikiense W ilson 1973 
Tectatodinium pellitum  W all, 1967 emend. Head 1994 
cf. Tectatodinium pellitum  Wall, 1967 emend. Head 1994

Bitectatodinium  spp. 
Tectatodinium  spp. 
Tectatodinium  spp.

X

X

X X X
X

Brigantedinium cariacoense (Wall 1967) Lentin and W illiams 1993 
Brigantedinium majusculum  Reid 1977 ex Lentin and W illiams 1993

Round Brown Cyst 
Round Brown Cyst

X
X

X
X

X X

Brigantedinium simplex W all 1965 ex Lentin and W illiams 1993 Round Brown Cyst X X X X
Cyst o f  Protoperidinium americanum  (Gran & Braarud 1935) Balech 1974 
D  alella chathamense M cMinn & Sun 1994 
Diplopelta? symmetrica Pavillard 1993 (Dale et al. 1993)

Round Brown Cyst 
Dalella chathamense 
Spiny Brown Cysts

X X X

X

X
X

Dubridinium ulsterum  Reid 1977 Round Brown Cyst X X X
Dubridinium caperatum  Reid 1977 Round Brown Cyst X X X X
Echinidinium aculeatum  Zonneveld 1997 
Echinidinium bispiniformum  Zonneveld 1997

Spiny Brown Cysts 
Spiny Brown Cysts

X X X
X

X
X

Echinidinium delicatum  Zonneveld 1997 Spiny Brown Cysts X X X X
Echinidinium granulatum  Zonneveld 1997 Spiny Brown Cysts X X X X
Echinidinium transparantum  Zonneveld 1997 Spiny Brown Cysts X X X
Echinidinium  cf. transparantum  Zonneveld 1997 Spiny Brown Cysts X X X
Cyst o f  Gymnodinium catenatum  Graham 1943
Cyst o f  Gymnodinium microreticulatum  Bolch et al. 1999

Cyst o f  Gymnodinium  spp. 
Cyst o f  Gymnodinium  spp.

X
X

X
X

X X

Cyst o f  Gymnodinium nolleri Ellegaard & Moestrup 1999 
Impagidinium aculeatum  (Wall 1967) Lentin and W illiams 1981 
Impagidinium pallidum  Bujak 1984

Cyst o f  Gymnodinium  spp. 
Impagidinium  spp. 
Impagidinium  spp.

X X
X
X

X X

Impagidinium paradoxum  (Wall 1967) Stover and Evitt 1978 Impagidinium  spp. X X X
Impagidinium patulum  (Wall 1967) Stover and Evitt 1978 Impagidinium  spp. X X X
Impagidinium sphaericum  (Wall 1967) Lentin and W illiams 1981 
Impagidinium strialatum  (Wall 1967) Stover and Evitt 1978 
Impagidinium velorum  Bujak 1984
Islandinium? cezare de Vernal et al. 1989 ex de Vernal in  Rochon et al. 1999

Impagidinium  spp. 
Impagidinium  spp. 
Impagidinium  spp. 
Spiny Brown Cysts

X

X
X

X

X

X
X

Islandinium minutum  Harland and Reid in  Harland et al. 1980 
Leipokatium invisitatum  Bradford 1975
Lejeunecysta diversiforma (Bradford 1977) Artzner and Dörhöfer 1978 
Lejeunecysta mariae Harland in  Harland et al. 1991 ex Lentin and W illiams 1993

Spiny Brown Cysts 
Lejeunecysta s.l. 
Lejeunecysta s.l. 
Lejeunecysta s.l.

X

X

X
X

X X

X

Lejeunecysta oliva (Reid 1977) Turon and Londeix 1988 Lejeunecysta s.l. X X X X
Lejeunecysta par a tenella (Benedek 1972) Zonneveld & Marret xxx Lejeunecysta s.l. X X X
Lejeunecysta sabrina (Reid 1977) Bujak 1984 Lejeunecysta s.l. X X X X
Lingulodinium machaerophorum  (Deflandre and Cookson 1955) Wall 1967 Lingulodinium machaerophorum X X X X
Nematosphaeropsis labyrinthus (Ostenfeld 1903) Reid 1974 Nematosphaeropsis labyrinthus X X X X
Operculodinium centrocarpum  sensu W all and Dale (1966) Operculodinium  s.l. X X X X
Operculodinium israelianum  (Rossignol 1962) W all 1967 Operculodinium israelianum X X X X
Operculodinium janduchenei Head et al. 1989 
Operculodinium  sp. II? Marret, 1994 
Operculodinium  sp. A  o f  Vink (2000)

Operculodinium  s.l. 
Operculodinium  s.l. 
Operculodinium  s.l.

X X X

X

X
X

Cyst o f  Pentapharsodinium dalei Indelicate & Loeblich III 1986 Cyst o f  Pentapharsodinium dalei X X X X
Polykrikos kofoidii Chatton 1914 Polykrikos spp. X X X X
Polykrikos schwartzii Bütschli 1873 Polykrikos spp. X X X X
Polysphaeridium zoharyi (Rossignol 1962) Bujak et al. 1980 
Pyxidinopsis reticulata (McMinn & Sun 1994) Marret & de Vernal 1997

Polysphaeridium zoharyi 
Pyxidinopsis reticulata

X
X

X X X

Quinquecuspis concreta (Reid, 1977) Harland, 1977 
Selenopemphix crenata Matsuoka and Bujak, 1988

Quinquecuspis concreta 
Selenopemphix s.l.

X X X X
X

Selenopemphix nephroides Benedek 1972; emend. Bujak in  Bujak et al., 1980; Selenopemphix s.l. X X X X
Cyst o f  Protoperidinium nudum  (Meunier 1919) Balech 1974 Selenopemphix s.l. X X X X
Selenopemphix quanta (Bradford 1975) M atsuoka 1985 Selenopemphix s.l. X X X
Spiniferites belenus  Reid 1974 Spiniferites s.l. X X X X
Spiniferites bentorii (Rossignol 1964) W all and Dale 1970 Spiniferites s.l. X X X X
Spiniferites bulloideus (Deflandre & Cookson 1955) Sarjeant 1970 Spiniferites s.l. X X X
Spiniferites delicatus Reid 1974 Spiniferites s.l. X X X X
Spiniferites elongatus Reid 1974 
Spiniferites elongatus Reid 1974

Spiniferites s.l. 
Spiniferites s.l.

X
X

X X

Spiniferites hyperacanthus (Deflandre and Cookson 1955) Cookson and Eisenack 
1974

Spiniferites s.l. X X X X

Spiniferites lazus Reid 1974 Spiniferites s.l. X X X
Spiniferites membranaceus (Rossignol 1964) Sarjeant 1970 Spiniferites s.l. X X X X
Spiniferites mirabilis (Rossignol 1964) Sarjeant 1970 Spiniferites s.l. X X X X
Spiniferites pachydermus Rossignol 1964 Spiniferites s.l. X X X
Spiniferites ramosus (Ehrenberg 1838) Loeblich and Loeblich 1966; emend. 
Davey and W illiams 1966

Spiniferites s.l. X X X X

Stelladinium reidii Bradford 1975 Stelladinium  spp. X X X
Stelladinium stellatum  (Wall and Dale 1968) Reid 1977 Stelladinium  spp. X X X X
Trinovantedinium applanatum  (Bradford 1977) Bujak and Davies 1983 Trinovantedinium applanatum X X X X
Tuberculodinium vancampoae (Rossignol 1962) W all 1967 Tuberculodinium vancampoae X X X
Votadinium calvum  Reid 1977 Votadinium spp. X X X X
Votadinium spinosum  Reid 1977 Votadinium spp. X X X
Xandarodinium xanthum  Reid 1977 Xandarodinium xanthum X X X X
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Unpublished data

Gu, Haifeng (unpublished data)

Holzwarth, Ulrike (submitted)

Kotthoff, Ullrich (in prep.)

Londeix, Laurent (unpublished)

Mertens, Kenneth (unpublished and in prep.)

Silke, Joe (unpublished data)

Turón, Jean-Louis (unpublished)

Verleye, Thomas (unpublished)

Young, Martin (unpublished)
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Achomosphaera Evitt 1963

Ataxiodinium choane Reid 1974

Bitectatodinium spongium Zonneveld 1997

Bitectatodinium tepikiense Wilson 1973

Brigantedinium Reid, 1977 ex. Lentin and Williams 1993

Brigantedinium cariacoense (Wall 1967) Lentin and Williams 1993

Brigantedinium simplex Wall 1965 ex. Lentin and Williams 1993

Echinidinium Zonneveld 1997

Echinidinium aculeatum Zonneveld 1997

Echinidinium delicatum Zonneveld 1997

Echinidinium euaxum (Head 1993) Zonneveld 1997

Echinidinium granulatum Zonneveld 1997

Echinidinium transparantum Zonneveld 1997

Impagidinium aculeatum (Wall 1967) Lentin and Williams 1981

Impagidinium paradoxum (Wall 1967) Stover and Evitt 1978

Impagidinium patulum (Wall 1967) Stover and Evitt 1978

Impagidinium strialatum (Wall 1967) Stover and Evitt 1978

Impagidinium Stover & Evitt 1978

Islandinium minutum Harland and Reid in Harland et al. 1980

Lejeunecysta marieae Harland in Harland et al. 1991 ex. Lentin and Williams 1993

Lejeunecysta oliva (Reid 1977) Turon and Londeix 1988

Lejeunecysta sabrina (Reid 1977) Bujak 1984

Lejeunecysta sp. A

Lingulodinium machaerophorum (Deflandre and Cookson 1955) Wall 1967 

Melitasphaeridium choanophorum (Deflandre and Cookson, 1955) Harland and Hill, 1979 

Nematosphaeropsis labyrinthus (Ostenfeld 1903) Reid 1974 

Operculodinium centrocarpum (Deflandre and Cookson 1955) Wall 1967 

Operculodinium israelianum (Rossignol 1962) Wall 1967 

Operculodinium janduchenei Head et al. 1989 

Polysphaeridium zoharyi (Rossignol 1962) Bujak et al. 1980 

Quinquecuspis concreta (Reid 1977) Harland 1977

Selenopemphix nephroides Benedek 1972; emend. Bujak in Bujak et al., 1980; emend. Benedek and Sarjeant 1981

Selenopemphix quanta (Bradford 1975) Matsuoka 1985

Selenopemphix selenoides Benedek, 1972

Spiniferites bentorii (Rossignol 1964) Wall and Dale 1970

Spiniferites elongatus Reid 1974

Spiniferites lazus Reid 1974

Spiniferites membranaceus (Rossignol 1964) Sarjeant 1970 

Spiniferites mirabilis (Rossignol 1964) Sarjeant 1970 

Spiniferites pachydermus (Rossignol 1964) Reid 1974

Spiniferites ramosus (Ehrenberg 1838) Loeblich and Loeblich 1966; emend. Davey and Williams 1966 

Spiniferites scabratus (Wall 1967) Sarjeant 1970 

Spiniferites Mantell, 1850; emend. Sarjeant 1970 

Stelladinium reidii Bradford 1975

Tuberculodinium vancampoae (Rossignol 1962) Wall 1967 

Votadinium calvum Reid 1977
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Appendix VI

Ataxiodinium choane Reid 1974 

Bitectatodinium tepikiense Wilson 1973

Brigantedinium cariacoense (Wall 1967) Lentin and Williams 1993 

Brigantedinium simplex Wall 1965 ex Lentin and Williams 1993 

Brigantedinium Reid 1977 ex Lentin and Williams 1993 

Echinidinium Zonneveld 1997

Impagidinium aculeatum (Wall 1967) Lentin and Williams 1981 

Impagidinium pallidum Bujak 1984

Impagidinium paradoxum (Wall 1967) Stover and Evitt 1978 

Impagidinium patulum (Wall 1967) Stover and Evitt 1978 

Impagidinium sphaericum (Wall 1967) Lentin and Williams 1981 

Impagidinium strialatum (Wall 1967) Stover and Evitt 1978 

Impagidinium velorum Bujak 1984 

Impagidinium Stover and Evitt 1978

Islandinium minutum Harland and Reid in Harland et al. 1980 

Lejeunecysta (Arztner and Dörhöher 1978) Lentin and Williams 1976 

Lingulodinium machaerophorum (Deflandre and Cookson 1955) Wall 1967 

Nematosphaeropsis labyrinthus (Ostenfeld 1903) Reid 1974 
Operculodinium centrocarpum (Deflandre and Cookson 1955) Wall 1967 

Operculodinium israelianum (Rossignol 1962) Wall 1967 

Cyst of Pentapharsodinium dalei Indelicato & Loeblich III 1986 

Polykrikos schwartzii Bütschli 1873

Pyxidinopsis reticulata (McMinn & Sun 1994) Marret & de Vernal 1997 

Quinquecuspis concreta (Reid, 1977) Harland, 1977

Selenopemphix nephroides Benedek 1972; emend. Bujak in Bujak et al., 1980; emend. Benedek and Sarjeant 1981

Selenopemphix quanta (Bradford 1975) Matsuoka 1985

Spiniferites bentorii (Rossignol 1964) Wall and Dale 1970

Spiniferites delicatus Reid 1974

Spiniferites elongatus Reid 1974

Spiniferites hyperacanthus (Deflandre and Cookson 1955) Cookson and Eisenack 1974 

Spiniferites lazus Reid 1974

Spiniferites membranaceus (Rossignol 1964) Sarjeant 1970 

Spiniferites mirabilis (Rossignol 1964) Sarjeant 1970

Spiniferites ramosus (Ehrenberg 1838) Loeblich and Loeblich 1966; emend. Davey and Williams 1966

Spiniferites (Mantell 1850) Sarjeant 1970

Tectatodinium pellitum Wall, 1967 emend. Head 1994

Trinovantedinium applanatum (Bradford 1977) Bujak and Davies 1983

Tuberculodinium vancampoae (Rossignol 1962) Wall 1967
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Glossary

A
A C E T O LY S IS  a decomposition o f an organic molecule through 

the action o f acetic acid or acetic anhydride.

A C R IT A R C H  any small, non-acid soluble (i.e. non-carbonate, 

non-siliceous) organic structure tha t cannot otherw ise be 

accounted fo r is classified as an acritarch.

A L K E  N O N  E long-chain (C37-C39) unsaturated ketones found 

as highly resistant organic compounds in the  membranes o f 

haptophytes.

A C C E L E R A T O R  M A S S  S P E C T O M E T R Y  (A M S )  differs 

from  other forms o f mass spectrom etry in th a t it accelerates 

ions to  extraordinarily high kinetic energies before mass 

analysis. The special strength o f AMS among the mass spec- 

trom etric methods is its power to  separate a rare isotope 

from  an abundant neighboring mass.

A N T IC Y C L O N  E a region where the  surface atmospheric

pressure is high, relative to  its surroundings -  often called 'a 

high'.

A C C U M U L A T IO N  RATE (A R )se e  Mass Accumulation rate.

A R C H  EO P YLE  the  excystment opening o f dinoflagellate cysts.

A S C ID IA N S  (A S C ID IA C E A  O R  S EA S Q U IR T S ) a class in 

the Urochordata subphylum o f sac-like marine invertebrate 

filte r feeders. Ascidians are characterized by a tough outer 

'tun ic ' made o f the polysaccharide tunicin, as compared to  

other tunicates which are less rigid.

A U T O T R O P H  an organism th a t produces complex organic 

compounds from  simple inorganic molecules using energy 

from  light or inorganic chemical reactions.

B
B IO M A R K E R  can be any kind o f molecule indicating the 

existence, past or present, o f living organisms.

B R A N C H E D  A N D  IS O P R E N O ID T E T R A E T H ER 

IN  DE X  (B IT  I N D E X ) index based on the  relative 

abundance o f non-isoprenoidal GDGT (Glycerol Dialkyl 

Glycerol Tetraethers) derived from organisms living in the 

terrestria l environment. The BIT index can be used for 

the quantification o f the  relative fluvial input o f terrestrial

organic matter.

B L O C K IN G  a phenomenon, most often associated w ith

stationary high-pressure systems in the mid latitudes o f the 

northern hemisphere, which produces periods o f abnormal 

weather.

B0LLING ALLER0D (BA) a warm and moist interstadial 

period tha t occurred during the final stages o f the last glacial 

period. This warm period ran from  ca. 14700 to  12700 years 

before present. It began w ith  the  end o f the cold period 

known as the Oldest Dryas, and ended abruptly w ith  the 

onset o f the Younger Dryas, a cold period tha t reduced tem ­

peratures back to  near glacial levels w ith in  a decade.

B O X  C O R E  core taken using a box corer o f about 300 kg 

lowered to  the  bed by use o f a cable-winch system.

B E F O R E  P R E S E N T  (B P ) a tim e scale used in archaeology, 

geology, and other scientific disciplines to  specify when 

events in the past occurred. Because the 'present' tim e 

changes, standard practice is to  use 1950 CE as the arbitrary 

origin o f the age scale. For example, 1500 BP means 1500 

years before 1950, that is, in the year 450 CE.

B L A C K M A N -T U K E Y  (B T ) M E T H O D  method o f spectral 

analysis (Blackman and Tukey 1958).

c
C A C 0 3 calcium carbonate.

C A F 2 calcium fluoride.

C A L C A R E O U S  D IN O F L A G E L L A T E  C Y S T a monophyletic 

group o f dinoflagellates that have the potential to  produce 

cysts during the ir life cycle, which are characterized by the 

incorporation o f calcite in at least one layer o f the cyst wall. 

Calcareous dinoflagellates firs t appear more or less synchro­

nously w ith  the organic-walled dinoflagellates in the Late 

Triassic and represent a significant component o f the  marine 

phytoplankton at least since the Early Cretaceous docu­

mented by the ir often excellent fossil preservation. They are 

present at v irtually all latitudes in all marine environments 

ranging from  neritic to  open oceanic.

C A LY P S O  C O R E  a core taken by a special kind o f piston-corer 

which allows longer sediment recovery.
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C A R IB B E A N  S U R F A C E  W A T E R  (C S W ) water mass 

originating from  the North Equatorial Current and the North 

Brazil Current w ith  significant input o f low  salinity waters 

from  the  Amazon and Orinoco rivers in October to  November.

C A L C ID IS C U S  L E P T O P O R U S  -  E M IL IA N IA  H U X L E Y I  

D IS S O L U T IO N  IN  D E X  (C E X ) dissolution index based 

on a ratio between the relative abundances o f both taxa 

(D ittert et al., 1999).

C A L C ID IS C U S  L E P T O P O R U S  -  E M IL IA N IA  H U X L E Y I  

+ G E P H Y R O C A P S A  E R IC S O N II  D IS S O L U T IO N  

IN  D E X  (C E X / ) dissolution index based on CEX w ith  the 

addition o f Gephyrocapsa ericsonii (Boeckel and Baumann 

2004).

C H L O R O P H Y T A  a division o f green algae, includes about 

7000 species o f mostly aquatic photosynthetic eukaryotic 

organisms. The division contains both unicellular and m ulti- 

cellular species.

C H N  A N A L Y Z E R  a scientific instrum ent which can determ ine 

the  elemental composition o f a sample. The name derives 

from  the  three prim ary elements measured by the device: 

carbon (C), hydrogen (H) and nitrogen (N). Sulfur (S) and 

oxygen (O) can also be measured.

CH R Y S O M O N  A D  golden-yellow to  brown freshwater algae 

o f the  class Chrysomonadales, living solitaire o r in colonies. 

Blooms may color the  water brown.

C LA V A T E  having one end thickened; club-shaped.

C O C C O L IT H S  individual plates o f calcium carbonate formed 

by coccolithophores which are arranged around them  in a 

coccosphere.

C O C C O L IT H O P H O R E S  small (2-25 pm) unicellular algae 

th a t belong to  the  phylum Haptophyta and the division Prym­

nesiophyceae. They constitute one o f the  major plankton 

groups and are preserved as coccoliths in marine sediments. 

They are the  most im portant pelagic calcifying organisms in 

the  modern ocean.

C O N F O C A L  LA S ER  S C A N N IN G  M IC R O S C O P Y  

(C L S M  ) a technique fo r obtaining high-resolution optical 

images. The key feature o f confocal microscopy is its ability 

to  produce in-focus images o f th ick specimens, a process 

known as optical sectioning. Images are acquired point-by- 

point and reconstructed with a computer, allow ing three- 

dimensional reconstructions o f topologically-complex objects.

C O  PE P O D S  a group o f small crustaceans found in the sea and 

in nearly every freshwater habitat. Many species are plank­

ton ic (drifting in sea waters), but most are benthic (living on 

the  ocean floor). Some continental species may live in limno-

terrestria l habitats and other w et terrestrial places, such as 

swamps, bogs, springs, ephemeral ponds and puddles, damp 

moss, water-filled recesses (phytotelmata) o f plants such as 

bromeliads and pitcher plants o r under leaf fall in w et forests. 

Many live underground in marine and freshwater caves, 

sinkholes or stream beds. Copepods are sometimes used as 

bioindicators.

CPS counts per second.

C H L O R IN  S TE R Y L ESTERS (C SES) are organic

compounds consist o f pyropheophorbide-a (a chlorophyll-a 

degradation product) and various sterols which can be traced 

back to  known biological precursors, and hence can serve as 

biomarkers.

C R E N A R C H A E A  (C R E N A R C H A E O T A  O R  E O C YTE S) 

a phylum o f the  Archaea, which are the most abundant 

archaea in the marine environment.

C Y A N O B A C T E R IA  (B L U E -G R E E N  A L G A E  O R  B L U E - 

G R E E N  B A C T E R IA  O R  C Y A N O P H Y T A ) a phylum of 

bacteria tha t obtains the ir energy through photosynthesis.

D
D A N S G A A R D /O E S C H G E R  E V E N T S  ( D /O  E V E N T S ) 

are perhaps the most pronounced climate changes th a t have 

occurred during the  past 120 kyr. They are not only large in 

amplitude, but also abrupt. In the  Greenland ice cores, D/O 

events start w ith  a rapid warm ing by 5-10  °C w ith in  at most 

a few  decades, followed by a plateau phase w ith  slow cooling 

lasting several centuries, then a more rapid drop back to  

cold stadial conditions. The events are not local to  Greenland 

but are global (Voelker, 2002). Amplitudes are largest in the 

North Atlantic region, and many Southern Hemisphere sites, 

especially those in the  South Atlantic, reveal a hemispheric 

'see-saw'effect (cooling while the  north is warming).

D RY B U L K  D E N S IT Y  (D B D ) a measure o f the weight o f 

the  soil per un it volume (g/cc), usually given on an oven-dry 

(110 °C) basis. Variation in bulk density is a ttributable to  the 

relative proportion and specific gravity o f solid organic and 

inorganic particles and to  the  porosity o f the  soil.

D C M  dichloromethane.

D IA T O M S  (C LA S S  B A C IL L A R IO P H Y C E A E ) microscopic 

(1-1000 pm in size) unicellular algae tha t inhabit almost 

every aquatic environm ent on earth. They are characterized 

mostly via the ir cell walls, which are composed o f opaline 

silicate -  being made up o f tw o  overlapping valves tha t 

together constitute the frustules. As w ith  other siliceous 

microfossil groups (e.g. the  silicoflagellates and radiolarians),
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diatoms are o ften well preserved in sedimentary sequences 

and have become invaluable fo r unraveling past environmen­

tal change in both freshwater and marine systems.

D IS S O L V E D  IN O R G A N IC  C A R B O N  (D IC ) O R  T O T A L  

IN O R G A N  1C C A R B O N  (T IC ) the  sum o f inorganic 

carbon species in a solution. The inorganic carbon species 

include carbon dioxide, carbonic acid, bicarbonate anion, and 

carbonate anion.

D I N O F L A G  E LLATES eukaryotic, single-celled organisms in 

which the m otile  cell possesses tw o  flagella and a unique 

type o f nucleus -  the dinokary-on. Based on these character­

istics, they are classified in the division Dinoflagellata.

D IN O F L A G E L L A T E  C Y S T (D IN O C Y S T ) the hypnozy- 

gotes produced by planktonic dinoflagellates during the 

sexual phase o f the  life cycle, and are fossilizable if  the wall 

exists o f a resistant substance such as dinosporin, calcium 

carbonate or silica. Cysts are form ed w ith in  the thecal plates 

o f the m otile  stage, which sometimes results in the reflec­

tion o f the  morphological features o f the m otile form . The 

identification criteria o f the cyst are the furrows housing the 

flagella (cingulum and sulcus), plate patterns, ornamentation 

and the  excystment opening or archaeopyle. The latter is the 

opening through which the  new m otile stage exits. Most o f 

the cysts serve as a benthic resting stage o f which the cells 

are filled w ith  food-storage products and are enclosed in a 

protective cell wall. After a mandatory resting period, motiles 

excyst ou t o f the  'seed bed'.

D IN O S P O R IN  a complex organic polymer sim ilar to  sporopol- 

lenin, which composes the  walls o f some fossilizable dinofla- 

gellate cysts.

D IN  O S TE  RO L (4a,23,24-trimethylcholest-22-en-3ß-ol) a

biomarker almost uniquely produced by dinoflagellates, w ith 

m inor quantities occurring in diatoms.

E
EL N IÑ O  S O U T H E R N  O S C IL L A T IO N  (E N S O )th e  

combined quasi-periodic oscillations o f El Niño (temperature 

changes in the  eastern Pacific) and the southern oscillation 

(atmospheric pressure changes in the western and south- 

central Pacific).

E N D -M E M B E R  (E M )  M O D E L  a numerical-statis-tical 

algorithm tha t can be applied to  the  carbonate-free grain- 

size distributions. The end-member a lgorithm attempts 

to  explain observed variations in natural sediments as a 

result o f mixing and has been used successfully to  'unm ix' 

sediments produced by linear mixing. This enables a distinc­

tion between w ind-blown and fluvially derived sediment 

fractions and use o f the ir relative proportions as paleocli- 

mate proxies, fo r the reconstruction o f w ind strength, arid ity 

(or rainfall) and upwelling variations.

E O L IA N  S E D IM  E N TS  sediments deposited by the action o f 

wind.

F
F L U V IA L  S E D IM  E N TS  sediments deposited by the action o f 

rivers and streams.

F O R A M IN I FE R A  an order o f Sarcodina, the  members o f 

which have numerous anastomosing pseudopodia and a 

shell tha t is calcareous. The shells o f these organisms, when 

deposited in oceanic sediments, are the  source o f climatic 

information.

G

G LY C E R O L D IA L K Y L  G LY C E R O L T E T R A E T H  ERS 

(G D G T S ) membrane lipids synthesized by Crenarchaea 

bacteria, which occur ubiquitously and are unaffected by 

water redox conditions. Concentrations o f these biomarkers 

are used fo r the  reconstruction o f productivity variations. By 

measuring the relative amounts o f GDGTs present in marine 

sediments, the  tem perature can be determ ined at which 

Crenarchaeota produced the ir membranes.

G E P H Y R O C A P S A  O C E A N IC A  -  E M IL IA N IA

H U X L E Y I  D IS S O L U T IO N  IN D E X  (G E X ) dissolution 

index based on a ratio between the  relative abundances o f 

both taxa (Mertens e t al., 2009).

G R E E N L A N D  ICE S H E E T  P R O JE C T (G IS P ) a decade- 

long project to  drill ice cores in Greenland tha t involved 

scientists and funding agencies from  Denmark, Switzerland 

and the United States. Besides the U.S. National Science 

Foundation, funding was provided by the  Swiss National 

Science Foundation and the Danish Commission fo r Scientific 

Research in Greenland. The ice cores provide a proxy archive 

o f tem perature and atmospheric constituents tha t help to  

understand past climate variations.

G LEY a type o f hydric soil which exhibits a greenish-blue-grey 

soil color due to  wetland conditions.

G A M M A  RAY A T T E N U A T IO N  P O R O S IT Y  E V A L U ­

A T IO N  D A TA  (G R A P E  D A T A ) measured gamma rays 

by moving a whole round core section along a horizontal 

Multi-Sensor Track (MST) where successive intervals are 

continuously bombarded by a beam o f radiation. The am ount 

o f gamma radiation transm itted through the core is inversely
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proportional to  the bulk density o f the rock or sediment.

G R A V IT Y  C O R E  a core taken using a gravity corer which is 

allowed to  fall freely through the water and is driven into 

the bed by its weight. A one-way valve at the top end o f the 

tube permits the  passage o f water during the  descent and 

prevents flushing o f the sample during retrieval and raising o f 

the  sampler. A core-catcher generally is present at the inside 

o f the  tube just above the cutting edge. Plastic liners are used 

to  minimize the  problem o f sample extrusion and storage.

The core length is lim ited to  10 core diameters in sand and 

20 core diameters in firm  clay. A m ajor disadvantage o f 

gravity corers is the  compaction o f the vertical structure o f 

the bed material during sampling.

H
H 20 2 hydrogen peroxide

H A P T O P H Y T A  (P R Y M N E S IO P H Y T A ) a phylum o f algae. 

The chloroplasts are pigmented sim ilarly to  those o f the  het- 

erokonts, but the structure o f the rest o f the  cell is different, 

so it may be th a t they are a separate line whose chloroplasts 

are derived from  similar endosymbionts. The cells typically 

have tw o  slightly unequal flagella, both o f which are smooth, 

and a unique organelle called a haptonema, which is super­

ficially similar to  a flagellum but differs in the arrangement 

o f microtubules and in its use. The name comes from  the 

Greek hapsis, touch, and nema, thread. The mitochondria 

have tubu lar crisiae. The best-known haptophytes are coc­

colithophores.

H A R M F U L  A L G A L  B L O O M  (H A B ) bloom phenomenon 

th a t contain toxins o r causes negative impacts.

H C L Hydrochloric acid.

H F Hydrofluoric acid.

H E IN R IC H  E V E N T  (H  E) an interval o f rapid flow  o f icebergs 

from  the  margins o f ice sheets into the North Atlantic, 

causing deposition o f sediment layers rich in debris eroded 

from the  land (Heinrich layers). Six events are distinguished 

which are labeled H1-H6. These icebergs caused addition 

o f large amounts o f freshwater in the North Atlantic. Such 

inputs o f cold, fresh water may well have altered the density- 

driven therm ohaline circulation patterns o f the  ocean, and 

often coincide w ith  indications o f global climate fluctuations. 

Various mechanisms have been proposed to  explain the 

cause o f Heinrich events. Most centre around the activity 

o f the  Laurentide ice sheet, but others suggest tha t the 

unstable West Antarctic lee Sheet played a triggering role.

H E A V Y  L IQ U ID S  dense fluids or solutions used to  separate

materials o f different density through the ir buoyancy. 

Materials w ith  a density greater than the heavy liquid w ill 

sink, while materials w ith a density less than the heavy liquid 

will floa t on the  liquid surface.

H E M A T IT E  is the  mineral form  o f iron (III) oxide (Fe203), one 

o f several iron oxides. Hematite crystallizes in the rhombohe- 

dral system, and it has the same crystal structure as ilmenite 

and as corundum. Hematite and ilmenite form  a complete 

solid solution a t temperatures above 950°C. Hematite is 

colored black to  steel or silver-gray, brown to  reddish brown, 

or red. It is mined as the main ore o f iron.

H E M  I P E L A G IC  S E D IM E N T S  drape upper and middle con­

tinental slopes around the world. They grade from  predom i­

nantly terrigenous muds into biogenic oozes. Even where 

biogenic constituents predominate, hemipelagic sediments 

typically have a dark color, which is imparted by the  te rrig ­

enous component. The composition o f the  terrigenous muds 

reflects weathering intensity in the sedimentary provenance. 

The terrigenous muds, which were delivered to  the  ocean by 

rivers or by direct runoff from  land, remained in suspension 

and were carried ou t to  the  continental margin by surface 

currents or by sediment-gravity flows.

H E T E R O T R O P H  an organism th a t uses organic substrates 

to  get its chemical energy fo r its life cycle. This contrasts 

w ith  autotrophs such as plants which are able to  directly use 

sources o f energy such as light to  produce organic substrates 

from inorganic carbon dioxide.

H O L O C E N  E the relatively warm epoch, which started around 

11500 years ago and runs up to  present time. It is marked 

by several short-lived particularly warm periods, the most 

significant is called the Holocene optimum.

H IG H  P E R F O R M A N C E  L IQ U ID  C H R O M A T O G R A ­

P H Y  /  A T M O S P H E R IC  P R ES S U R E  P O S IT IV E  IO N  

C H E M IC A L  IO N IZ A T IO N  M A S S  S P E C T R O M E ­

T R Y  (H  P L C /A P C L M S )  method used fo r GDGT (Glycerol 

Dialkyl Glycerol Tetraether) analysis.

H Y D R O L O G IC A L  CYCLE the movement o f water and water 

vapor among the atmosphere, land and ocean, through 

evaporation, precipitation, runoff, and subsurface groundwa­

ter flow.

i
IN T E R G L A C IA L  a warmer period during glacial epochs when 

the  major ice sheets recede to  higher latitudes. The current 

Holocene interglacial has persisted since the Pleistocene.

IN T E R S T A D IA L  a relatively warmer stage w ith in  a glacial
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phase during which the ice advance is tem porarily halted.

IN T E R T R O P IC A L  C O N V E R G E N C E  Z O N E  (IT C Z ) a 

narrow region w ith in the  tropics where air orig inating in the 

northern and southern hemispheres converge and generally 

produce cloudy, showery weather. Over the A tlantic and 

Pacific it is the  boundary between the  north-east and south­

east trade winds. The mean position is somewhat north o f 

the equator but over the  continents the  range o f m otion is 

considerable.

K O H  potassium hydroxide.

L A M  IN  A  a th in  layer o f sediment.

LA S T  G L A C IA L  M A X I M U M  ( LG M  ) the coldest period 

at the end o f the  last ice age between 24000 and 18000 

years ago when the  ice sheets over the  northern hemisphere 

reached the ir greatest extent.

L O W E R  P H O T IC  Z O N E  F L O R A  (LP Z  F L O R A ) 

coccolithophore species living in deeper, well-stratified, 

low-temperature (<10°C) nutrient-rich sub-thermocline 

waters (Okada, 1983). It is generally accepted tha t these 

species have an inverse relationship to  both productivity and 

upwelling (Okada and Matsuoka, 1996).

M O IS T U R E  A N D  D E N S IT Y  ( M A D )  classical measure­

ments fo r dry bulk density on discrete samples.

M A G N E T IC  S U S C E P T IB IL IT Y  the degree o f magnetiza­

tion o f a material in response to  an applied magnetic field.

M A S S  A C C U M U L A T IO N  RATE (M A R )  calculated from  

sedimentation rate by m ultip lying w ith  dry bulk density.

M G /C A  R A T IO  the  ratio o f the  elements Mg and Ca in shells 

o f foraminifera. The ratio can be used as index o f past tem ­

perature changes.

M IC R O F O R A M IN IF E R A L  L IN IN G  the organic inner 

surfaces o f m icroforaminifera, which resist palynological 

treatm ent.

M ILLE N  N IA L -S C A L E  O S C IL L A T IO N S fluctuations in 

climate lasting thousands o f years wich are generally larger 

during glacial than interglacial intervals.

M  IN  E R A L B A L L A S T  hypothesis the  hypothesis th a t suggests 

tha t enhanced productivity is coupled to  enhanced organic 

carbon preservation.

M U D  V O L C A N O  phenomenon created by geo-excreted 

liquids and gases, although there are several different 

processes which may cause such activity. Temperatures are 

much cooler than igneous processes.

N A N  N O F O S S IL S  group o f microfolssils th a t includes both 

coccoliths and nannofossils s.s., which may be unrelated but 

are both composed o f calcite. Most Quaternary nannofossils 

are coccoliths.

N BS S TA N  D A R D S  standards defined by the National Bureau 

o f Standards (now NIST - National Institute o f Standards and 

Technology).

N O R T H  A T L A N T IC  D E EP  W A T E R  ( N A D W )  a water 

mass th a t forms in the high-latitude North Atlantic by w inter 

chilling o f salty surface water, sinks, and flows southward at 

depths o f 2 to  4 km.

N O R T H  A T L A N T IC  O S C IL L A T IO N  (N A O )  an index 

o f the circulation in the North Atlantic tha t is measured in 

terms o f difference in pressure between the Azores and 

Iceland. In w in ter this index tends to  switch between a strong 

westerly flow  w ith  pressure low  to  the  north and high in the 

south and the reverse: the form er tends to  produce above 

normal tem peratures over much o f the northern hemisphere, 

the latter the  reverse.

N O R T H  B R A Z IL  C U R R E N T  (N B C ) a well-established 

western boundary current tha t carries warm water o f South 

Atlantic origin northwest along the coast o f Brazil, across the 

equator and into the northern hemisphere.

N O R T H  E Q U A T O R IA L  C U R R E N T  (N E C ) abroad

westward flow ing current fo rtified  by the Atlantic trade w ind 

belt, the NEC th a t forms the southern limb o f the North 

Atlantic subtropical gyre. The current originates from  the 

northwestern coast o f Africa, where it is fed mainly by the 

cooler waters flow ing from  the northeast Atlantic. As the NEC 

travels across the  open ocean, it  is joined by waters orig inat­

ing south o f the  equator thus entraining waters from  the 

Southern Atlantic in to the Northern Atlantic.

o
O C E A N  D R IL L IN G  P R O G R A M  (O D P ) a funded program 

by the  U.S. National Science Foundation and 22 international 

partners (JOIDES) to  conduct basic research into the history 

o f the ocean basins and the overall nature o f the  crust 

beneath the  ocean floo r using the  scientific drill ship JOIDES
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Resolution.

P A L Y N O L O G Y  the science th a t studies contemporary and 

fossil palynomorphs, including pollen, spores, dinoflagellate 

cysts, acritarchs, chitinozoans and scolecodonts, together 

w ith particulate organic matter (POM) and kerogen found 

in sedimentary rocks and sediments. Palynology does not 

include diatoms, Foraminifera or other organisms w ith  

siliceous or calcareous exoskeletons.

P A L Y N O M O R P H  term  used to  describe a particle o f a size 

between five and 500 pm composed o f organic material such 

as chitin, pseudochitin and sporopollenin.

P IS T O N  C O R E  core taken using a piston corer, used to  reduce 

the  compaction during sampling. This sampler is essentially 

a gravity corer, but it has an internal piston which remains 

a t the level o f the  water-sediment interface when the  corer 

penetrates in to the  bed. The corer is attached to  a trip  

mechanism which is released when a counter weight hits the 

bed. The piston creates a slight vacuum above the sample 

and is supposed to  reduce fric tion  and prevent compaction.

P L A N IS P IR A L  term  applied to  the  condition in which a shell is 

coiled in a single horizontal plane and the diameter increases 

away from  the  axis o f coiling.

P R A S IN O P H Y T A  a phylum th a t comprises an enigmatic col­

lection o f unicellular o r filamentous organisms th a t occur in 

almost all aquatic environments.

P RE B O  R E A L the  firs t stage o f the Boreal which starts at

11500 calender years, which is followed by the Boreal proper.

P R E C E S S IO N  O F T H E  E Q U  IN O X E S  the movement o f 

the  solstices and equinoxes around Earth's elliptical o rb it 

over cycles o f 23000 and 19000 years.

P R O X Y  any source o f information tha t contains indirect 

evidence o f past changes in the weather.

P R A C T IC A L  S A L IN IT Y  U N IT S  (P S U ) the practical un it 

o f salinity defined as the  conductivity ratio o f a sea water 

sample to  a standard KCI solution.

P Y C N O C L IN  E a rapid change in water density w ith  depth. In 

freshwater environments such as lakes this density change is 

prim arily caused by water tem perature (thermocline), while 

in seawater environments such as oceans and estuaries, the 

rapid density change in the  water column is often caused by 

a combination o f decreasing water tem perature and increas­

ing salinity (halocline).

P Y C N O M E T E R  a laboratory device used fo r measuring 

the  density o r more accurately the  volume o f solids, be

they regularly shaped, porous or non-porous, monolithic, 

powdered, granular or in some way comminuted, employing 

some method o f gas displacement and the volume: pressure 

relationship known as Boyle's Law.

Q
Q U A T E R N A R Y  the  geologic tim e period after the Neogene 

Period, spanning 1.805 + /- 0.005 m illion years ago to  the 

present. The Quaternary includes tw o  geologic epochs: the 

Pleistocene and the Holocene Epoch.

R
R E S E A R C H  V E S S E L (R V  O R  R /V )  a ship designed and 

equipped to  carry ou t research at sea.

s
S C O L E C O D O N T S  the hard jaws o f polychaete worms.

S E D IM E N T A T IO N  RATE (S R ) the am ount o f sediment 

accumulated in an aquatic environm ent over a given period 

o f tim e, usually expressed as thickness o f accumulation per 

un it tim e (often expressed as centimeter per thousand years 

(cm/ka)).

S C A N N IN G  E LE C T R O N  M IC R O S C O P E  (S E M )  a type  

o f electron microscope tha t images the sample surface by 

scanning it w ith  a high-energy beam o f electrons in a raster 

scan pattern. The electrons interact w ith  the atoms tha t 

make up the  sample producing signals th a t contain inform a­

tion about the  sample's surface topography, composition and 

other properties such as electrical conductivity.

S H A N N O N -W IE N E R  IN D E X  (S H A N N O N  IN D E X ) 

index used to  measure diversity in categorical data. It is 

simply the Information entropy o f the distribution, treating 

species as symbols and the ir relative population sizes as the 

probability.

SH ELF the extended perimeter o f each continent and associ­

ated coastal plain, tha t was part o f the continent during the 

glacial periods, but undersea during interglacial periods.

SLO P E  a ramplike structural edge o f a continent th a t slopes into 

the  ocean.

S P T Sodium polytungstate.

S EA SU R FACE S ALI N ITY  (SSS) the salinity measured at 

sea surface.

S EA S U R F A C E  T E M P E R A T U R E  (S S T) the tem perature 

measured at sea surface.

S T A D IA L  a period during glacial epochs when the ice sheets
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advanced to  lower latitudes.

STR A TI FI C A T IO N  Phenomenon tha t occurs when water o f 

high and low  salinity (halocline), as well as cold and warm 

water (thermocline), forms layers tha t act as barriers to  

water mixing.

S U B T R O P IC A L  U N D E R W A T E R  (S U W  O R  S T U W )

watermass characterized by a salinity maximum typical 

o f every subtropical gyre. Surface waters o f the  central 

subtropical gyre are very salty as a result o f evaporation 

under the  atmospheric high pressure region. As th is salty 

water subducts southward beneath water tha t is not quite 

as saline, it forms a salinity maximum in the vertical column, 

which is called Subtropical Underwater. In the  Caribbean it 

forms the permanent thermocline and/or nutricline.

T
T A P H O N O M Y  the study o f decaying organisms over tim e and 

how they become fossilized.

T E R R IG E N O U S  S E D IM E N T S  sediments derived from  

continental erosion; tha t is, tha t are derived from  terrestrial 

environments. Consisting o f sand, mud, and silt carried to  sea 

by rivers, the ir composition is usually related to  the ir source 

rocks; deposition o f these sediments is largely lim ited to  the 

continental shelf.

T E T R A E T H E R  IN D E X  O F  T E T R A E T H E R S  (T E X  )
86

index determ ined by the tem perature at which Crenarchaeo­

ta produced the ir membranes by measuring the relative 

amounts o f GDGTs (Glycerol Dialkyl Glycerol Tetraethers) 

present in marine sediments.

T H E C A M O E B IA N  (A R C E L L A C E A N S ) clonal, predom i­

nantly freshwater protozoans, although they can also occur 

in brackish water environments and moist soils. They can be 

found in a w ide range o f geographic settings, ranging from  

tropical to  arctic latitudes. These organisms have an amoebid 

sarcodine cell w ith  pseudopods and a simple sac-like test, 

e ither flattened or rounded w ith  an aperture located on 

or near the  tapered end, or a beret-shaped test w ith  an in- 

vaginated aperture on the  ventral side which is more or less 

flattened. A substantial am ount o f morphological variability 

has been observed among these tw o  broad groups.

T H  E R M O C L IN E a region in the ocean o f rapidly changing 

tem perature between the  warm upper layer (the epilimnion) 

and the  colder deeper water (the hypolimnion).

T l N T IN  N I D ciliates o f the  choreotrich taxon Tintinnida, 

distinguished by vase-shaped shells called loricae, which 

are mostly protein but may incorporate m inute pieces o f

minerals.

T O T A L  O R G A N  1C C A R B O N  (T O C ) the am ount o f carbon 

present in a sample. A typical analysis fo r TOC measures both 

the to ta l carbon (TC) present as well as the tota l inorganic 

carbon (TIC). Subtracting the inorganic carbon from  the to ta l 

carbon yields TOC.

T R IL E T E  S P O R E  spore showing a triradiate mark form ed by 

the dissociation o f a spore tetrad.

T R O C H O S P IR A L  helical.

T U  RBI D ITE S  sediments which are transported and deposited 

by density flow, not by tractional or frictional flow.

u
U P W E L L IN G  an oceanographic phenomenon tha t involves 

wind-driven m otion o f dense, cooler, and usually nutrient- 

rich water towards the ocean surface, replacing the warmer, 

usually nutrient-depleted surface water. There are a t least 

five types o f upwelling: coastal upwelling, large-scale w ind- 

driven upwelling in the ocean interior, upwelling associated 

w ith eddies, topographically-associated upwelling, and 

broad-diffusive upwelling in the ocean interior.

V
V A R V E  an annual layer o f sediment o r sedimentary rock.

When these stratifications are o f seasonal origin they can be 

used to  study climate change.

V IE N N A -P E E D E E  B E L E M N IT E  (V P D B ) S T A N D A R D  

the prim ary reference fo r carbon and oxygen isotopes and 

refers to  the  Cretaceous belemnite form ation a t Peedee in 

South Carolina, USA. The PDB form ation is exhausted but still 

acts as a reference.

x
X -R A Y  F L U O R E S C E N C E  (X R F ) the emission o f character­

istic 'secondary' (or fluorescent) X-rays from  a material tha t 

has been excited by bombarding w ith  high-energy X-rays or 

gamma rays.

Y
Y O U  N G  ER DRYAS (Y D ) a sudden, abrupt cold episode 

which interrupted the  sustained warm ing trend between 

the Last Glacial Maximum and the Holocene (1 2 9 0 0 - 11600 

years ago).
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Samenvatting (Summary in Dutch)

Klimaatschommelingen in tropische to t subtro­
pische gebieden zijn gekoppeld aan hydrologische 
veranderingen. De reconstructie van deze hydrolo­
gische veranderingen tijdens de snelle klimaatsfluc- 
tuaties tijdens het late Quartair is van cruciaal belang 
voor de studie van globale klimaatsverandering. Deze 
studie toon t aan dat coccolieten en cysten van dino- 
flagellaten bruikbare klimaatsindicatoren zijn voor de 
reconstructie van deze hydrologische cycli tijdens het 
late Quartair, op zowel regionale ais globale schaal. 
Vice versa brengt deze studie nieuwe paleoecologis- 
che inzichten aan het licht betreffende coccolithofo- 
ren en dinoflagellaten.

1. Rationale voor de toepassing 
van d ino f lage l la tencysten

Ter ondersteuning van het gebruik van d inofla­
gellatencysten ais klimaatsindicatoren werden twee 
fundam entele studies verricht. Doordat zogenaamde 

"standaard"-maceratiemethodes op alle vlakken zeer 
variabel zijn en schade kunnen toebrengen aan mi- 
crofossielen m et organische wanden, diende onder­
zocht te worden w at de gevolgen zijn voor de concen- 
tratiebepaling van dinoflagellatencysten. Aangezien 
er aanwijzingen zijn dat de uitsteeksellengte van 
Lingulodinium machaerophorum  gerelateerd is aan 
saliniteitsvariatie, werd getracht deze relatie kwanti­
ta tie f te  bepalen en zodoende bij te dragen to t recon­
structie van saliniteit, van belang voor beter begrip 
van globale klimaatsverandering.

Eerst werd de methode om concentraties van d i­
noflagellatencysten te bepalen door toevoeging van 
sporen van Lycopodium clavatum  gekalibreerd door 
een samenwerking van 23 internationale laborato­
ria. Een nieuwe standaardmethodologie werd voor­
gesteld die kritische stappen overslaat, meer bepaald 
oxidatie, gebruik van warme zuren, acetolyse, te

grote maaswijdte (> 15 pm), decanteren en te lange 
ultrasonicatie (> 1 min).

De tweede studie omvatte een morfologische 
studie van cysten van Lingulodinium machaeropho­
rum  afkomstig u it recente oppervlaktesedimenten. 
De studie toonde aan dat de variatie van de uitsteek­
sellengte bepaald w ord t door de verhouding tussen 
salin ite it en tem peratuur (S/T). Eenzelfde morfologie 
kan dus resulteren u it verschillende tem peraturen 
en saliniteiten, zolang dat de verhouding tussen 
beide constant b lijft. Metingen van driedim ensio­
nale beelden gegenereerd m et confocale microsco­
pie, tonen het bestaan aan van twee morfologische 
uitersten: één m et vele, korte, dicht opeengepakte 
uitsteeksels gevormd bij lage S/T verhoudingen 
en één m et lange, ver uiteen staande uitsteeksels 
gevormd bij hoge S/T verhoudingen. Het verband 
tussen de S/T verhoudingen en de morfologie leidde 
to t de observatie dat de biogeografie van Lingulodini­
um machaerophorum  afgelijnd is door de S/T verhou­
ding. Dit suggereert dat de S/T ratio het voorkomen 
van cysten van Lingulodinium polyedrum  kan voor­
spellen. Belangrijk is dat het vroegere zoutgehalte 
kan gereconstrueerd worden indien de tem peratuur 
door onafhankelijke proxies kan bepaald worden.

2. Twee studiegebieden voor 
cycl i op mil lenium-schaal

Twee locaties werden uitgepikt om hydrologische 
cycli op millenniumschaal op hoge resolutie te bestu­
deren tijdens het late Quartair: het Cariaco Bekken, 
een anoxisch bekken te r hoogte van Venezuela, en 
de zuidelijke Golf van Cádiz. Door hoge sedimenta- 
tiesnelheden, beschikken beide sites over een 
re latie f onverstoord laat Quartair klimaatslogboek. 
In beide bekkens komen verder snelle, uitgesproken 
fluctuaties voor, veroorzaakt door veranderingen
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van de intertropische convergentiezone (ITCZ) en de 
Noord-Atlantische Oscillatie (NAO). Een beter begrip 
van beide fenomenen is cruciaal in de context van 
globale klimaatsverandering.

3. Karakteriser ing van cycli op 
mil lenium-schaal

De seizoenale en meerjaarlijkse veranderingen 
tussen opwellingsgedomineerde en riviergedomi- 
neerde ecosystemen, in beide regio's gerelateerd 
aan klimatologische veranderingen van respec­
tievelijk de ITCZ en de NAO, kan naar m illennium - 
schaal geëxtrapoleerd in resulteert in specifieke as­
semblages van dinoflagellatencysten en coccolieten. 
In het Cariaco bekken zorgt verhoogde riv ierinput 
initieel voor een verhoogde stratificatie, aangeduid 
door abundanties van Lingulodinium machaeropho­
rum. Toegenomen riv ierinput zorgt voor Spiniferites 
ramosus -  Gephyrocapsa oceanica gedomineerde 
assemblages. Het is precies deze toevoer die het 
bekken anoxisch maakt aan het begin van het B0lling/ 
Aller0d. Verhoogde opwelling, o.a. gedurende het 
Younger Dryas, bewerkstelligd een Brigantedinium  
spp. -  Emiliania huxleyi gedomineerd ecosysteem. 
In de Golf van Cádiz zorgt verhoogde riviertoevoer 
voor verhoogde abundanties van Lingulodinium  
machaerophorum, Gephyrocapsa muellerae en 
alkenonen. Verhoogde opwelling veroorzaakt hier 
een toenam e in abundantie van grote Emiliania 
huxleyi morfotypes, naast pieken van "Nematosphae­
ropsis labyrinthus - B itectatodinium tepikiense". Deze 
hydrologische variaties worden ook weerspiegeld in 
korrelgroottes en XRF opnames in de Golf van Cádiz.

In beide gebieden zijn veranderingen in assem­
blage sterk gekoppeld aan veranderingen in pro­
ductiv ite it en bewaring, w at w ijst op het belang van 
de "m ineralen-als-ballast hypothese". Desondanks 
gelijkaardige veranderingen in tem peratuur en sa­
lin ite it is er een cruciaal verschil in beide gebieden 
in sedimentatiesnelheid: in het Cariaco Bekken zorgt 
verhoogde opwelling voor verhoogde sedimenta­
tiesnelheid, te rw ijl in de zuidelijke Golf van Cádiz 
verhoogde riv ierinput verhoogde sedimentatie­
snelheid veroorzaakt. Dit heeft to t gevolg dat beide 
regio's verschillend reageren op klimaatsverander­

ing in term en van productiv ite it en bewaring: in het 
Cariaco Bekken is er verhoogde koolstofbewaring 
gedurende stadialen, te rw ijl in de Golf van Cádiz het 
omgekeerde plaatsvindt.

Er m oet benadrukt worden dat verandering op 
milleniumschaal verder gemoduleerd worden door 
zeespiegelveranderingen op orbita le schaal. In 
het Cariaco Bekken zorgt een stijgende zeespiegel 
voor influx van nutrien trijk  subtropisch w ater over 
sills gedurende interglacialen, hetgeen het bekken 
anoxisch maakt. In de Golf van Cádiz zorgt een 
zeespiegelstijging voor een verplaatsing van afzetting 
van terrigeen materiaal van de helling naar shelf en 
vice versa.

Naast productiv ite it werd de kwantitatieve re­
constructie van de tem peratuur en het zoutgehalte 
beklemtoond. Dit zijn cruciale parameters voor kli- 
maatsreconstructie. In de Golf van Cádiz werden 
zeeoppervlaktetemperaturen gereconstrueerd 
m et behulp van glycerol dialkyl glycerol tetraethers 
(GDGTs), alkenonen en Mg/Ca ratios gemeten op 
Globigerina bulloides. De gereconstrueerde tem ­
peraturen vertonen gelijkaardige schommelingen. 
Ze verschillen echter in grootte, hetgeen te w ijten  is 
aan seizoenaliteit, saliniteitswijzigingen o f laterale 
advectie. De verhouding tussen therm ofie le en niet- 
therm ofie l dinoflagellatencysten en de morfologische 
veranderingen van Emiliania huxleyi en zijn bruikbaar 
voor de detectie van Heinrich events. De correlatie 
tussen alkenonenafgeleide tem peraturen en Ti XRF 
opnames w ijst op een belangrijke invloed van tem ­
peratuur in hydrologische variaties veroorzaakt 
door de NAO. In de Ti XRF opname kunnen cycli van 
1000 en 585 jaar vastgesteld worden, gerelateerd 
aan positieve NAO indices. Het zoutgehalte in beide 
regio's werd behulp van de uitsteeksellengte van 
Lingulodinium machaerophorum  en gepaarde M g / 
Ca -  5180  metingen gereconstrueerd en gecorreleerd. 
Verschillen tussen de saliniteitsproxies en de hy­
drologische proxies kunnen aangetoond worden en 
suggereren dat veranderingen in het zoutgehalte het 
resultaat zijn van globale en regionale hydrologische 
en oceanografische veranderingen.
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4. Voor- en nadelen van de 
aangewende proxies

Coccolieten hebben het voordeel om extreem 
abundant aanwezig te zijn in de onderzochte sedi­
menten. De zeer kleine hoeveelheid sediment nodig 
om de assemblages te bestuderen maakt d it mogelijk 
op zeer fijne resolutie (seizoenaal op minder). Het 
bewaringspotentiaal veroorzaakt echter problemen 
m et identificatie en overrepresentatie van resistente, 
hoge-productiviteitsspecies, die vaak de interpretatie 
van assemblageveranderingen compliceren.

Cysten van dinoflagellaten hebben echter lagere 
abundanties in de sedimenten, hetgeen de toepassing 
op zeer hoge resolutie bem oeilijkt. Vanuit tafono- 
misch standpunt is de bewaring van heterotrofe dino­
flagellatencysten zeer variabel, en zeer gevoelig aan 
veranderingen in p roductiv ite it en zuurstofgehalte. 
De bewaring van autotrofe dinoflagellatencysten is 
echter uitstekend in beide gebieden, hetgeen ze zeer 
betrouwbare indicators maakt voor veranderingen 
in productiv ite it en salin ite it (gereconstrueerd door 
morfologische studie).

Deze studie toon t ook aan dat laterale advectie 
van resistente componenten mogelijks cruciaal is 
in de interpretatie  van de hydrologische variaties in 
deze gebieden. De aanwezigheid van een belangrijke 
hoeveelheid shelf-materiaal in beide gebieden toon t 
een belangrijk transport aan vanuit de shelf, hetgeen 
mogelijks 'lags' veroorzaakt tussen pelagische en 
shelfcomponenten. In deze optiek is het tevens on­
duidelijk hoe turb id ie ten o f bodemstromingen het 
logboek verstoren.

Desondanks deze tafonomische problemen, toon t 
deze studie aan dat enkel door het gebruik van een 
m ulti-proxy aanpak, die de nodige correcties voor 
sedimentatiesnelheid in rekening brengt, klimaatsre- 
constructie mogelijk blijft.

opvolgen. Er is geen bewijs voor een "trigger" voor 
millenium-schaalveranderingen vanuit lagere 
breedtegraden (de zogenaamde "tropical-driver 
hypothesis"). Desondanks w ijst de uitdrukking van 
snelle, grote veranderingen in productiv ite it en as­
semblage gekoppeld aan verschuivingen van de ITCZ 
o f NAO, op een uitgesproken gevoeligheid van deze 
gebieden aan klimaatsverandering. Dit maakt deze 
gebieden extra kwetsbaar voor de huidige globale 
klimaatsverandering. Doordat deze verandering hy­
drologisch van aard zijn, kan verandering in precipi- 
ta tiepatronen voor beide regio's verwacht worden.

6. Toekomstperspectieven

Doordat m illenium-schaal veranderingen van 
beide fenomenen synchroon plaatsvinden, dient 
toekomstig werk de precieze tim ing van beide 
fenomenen te verhelderen door gedetailleerde 
m ulti-proxy benaderingen in noord-zuid transecten 
te verrichten. Op een fijnere resolutie, zou "stacking" 
van shelf to t slope kernen zeespiegeleffecten u itfil­
teren, en zuivere NAO o f ITCZ veranderingen kunnen 
weergeven. Tevens kunnen gedetailleerde sediment- 
trap studies in beide gebieden er toe bijdragen de 
interpretaties te bevestigen.

5. Verband tussen hoge en lage 
breedtegraden

Deze studie toon t aan dat klimaatsveranderin­
gen in beide gebieden, zoals u itgedrukt door de 
bestudeerde proxies, synchroon zijn met klimaats­
veranderingen in hogere breedtegraden o f ze
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