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1. Introduction

ABSTRACT

Forty-eight surface sediment samples from the southeast (SE) Pacific (25-53°S) are investigated for the
determination of the spatial distribution of organic-walled dinoflagellate cysts along the western South
American continental margin. Fifty-five different taxa are recorded and reflect oceanic or coastal assemblages.
The oceanic assemblages are characterised by low cyst concentrations and the dominance of autotrophs,
while the coastal assemblages generally contain a higher number of cysts, which are mainly produced by
heterotrophic species. Highest cyst concentrations are observed in the active upwelling system offshore
Concepcion (35-37°S). Brigantedinium spp., Echinidinium aculeatum, Echinidinium granulatum/delicatum and
cysts of Protoperidinium americanum dominate assemblages related to upwelling. Echinidinium aculeatum
appears to be the best indicator for the presence of all year round active upwelling cells. Other
protoperidinioid cysts may also occur in high relative abundances in coastal regions outside active upwelling
systems, if the availability of nutrients, co-responsible for the presence/absence oftheir main food sources
such as diatoms and other protists, is sufficient. The importance of nutrient availability as a determining
environmental variable influencing cyst signals on a regional scale (SE Pacific) is demonstrated through
statistical analyses of the data. Because ofthe importance of nutrients, uncertainties about the outcomes of
quantitative sea-surface temperature (SST) reconstructions (Modern Analogue Technique) based on
dinoflagellate cysts may arise, since no interaction between different hydrographical variables is considered
in this approach. The combination ofthe SE Pacific surface sample dataset with other published cystdata from
the Southern Hemisphere resulted in a database which includes 350 samples: the ‘SH350 database’. This
database is used to test the accuracy of the quantitative reconstructions by calculating and comparing the
estimated versus observed values for each site. An attempt to perform quantitative SSTreconstructions on the
last 25 cal ka of site ODP1233 (41°S; 74°27'W) is made and again stresses the importance of other
environmental variables such as nutrient availability in determining the dinoflagellate cyst assemblages.

© 2010 Elsevier B.V. All rights reserved.

al,, 1994; de Vernal et al., 2001; Elarland, 1983; Matthiessen, 1995;
Rochon et al., 1999; Turdén, 1984; Wall et al.,, 1977) since changes in

Until now, the geographical distribution of dinoflagellate cysts
and their controlling environmental factors in the SE Pacific Ocean
are poorly understood. Except for the analysis ofa few cores offshore
Peru (Biebow, 2003; Wall et al, 1977) and a late Quaternary
dinoflagellate cyst record offshore Mid-South Chile (Verleye and
Louwye, 2010), no marine studies on dinoflagellate cysts are
available. The sole study investigating the spatial distribution of
cysts in the Chilean Fjord area between 43°S and 54°S is done by
Alves-de-Souza et al. (2008). Dinoflagellate cyst studies during the
last decennia mainly focused on the middle to high latitudes ofthe
North Atlantic Ocean (e.g. Boessenkool et al., 2001a,b; de Vernal et
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the North Atlantic Deep Water production were generally accepted
as the primary trigger for climate changes on orbital time scales (e.g.
Broecker, 2003; Broecker and Denton, 1989; Clark et al., 2001;
Imbrie et al., 1992,1993; Seidovand Maslin, 2001; Vidal et al., 1999).
Recently, new insights in millennial-scale climate change suggested
also an active role for the Southern Elemisphere (SH) high latitudes
in the initiation of rapid climate variability (Knorr and Lohmann,
2003; Stocker and Wright, 1991 ; Weaver et al.,, 2003). However, SH
studies dealing with recent and late Quaternary dinoflagellate cysts
are still rather rare (Alves-de-Souza et al.,, 2008; Benderra, 1996;
Biebow, 2003; Esper and Zonneveld, 2002; Esper and Zonneveld,
2007 ; Harland and Pudsey, 1999 ; Harland et al., 1998 ; Marret and de
Vernal, 1997; Marret et al., 2001; McMinn, 1992,1995; McMinnand
Sun, 1994; McMinn and Wells, 1997; Verleye and Louwye, 2010;
Vink et al., 2000; Zonneveld et al., 2001).
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The spatial distribution of dinoflagellate cysts in marine environ-
ments is considered to be mainly controlled by SST, sea-surface
salinity (SSS) and the availability of nutrients (Dale, 1996; Dale et al.,
2002; de Vernal et al.,, 1997; de Vernal et al., 2001; Devillers and de
Vernal, 2000; Rochon et al., 1999). Several studies supported the use
of the transfer function method applied to dinoflagellate cysts to
quantify palaeo-SST, palaeo-SSS, sea ice cover and more recently
nutrient availability (e.g. de Vernal et al., 1997, 2001, 2005; Marret
et al.,, 2001; Rochon et al., 1999; Voronina et al., 2001). Guiot (1990)
developed transfer functions based on the best analogue method
(MAT; Modern Analogue Technique) for pollen data, later adapted by
de Vernal et al. (1993,1994) for dinoflagellate cyst assemblages ofthe
Northern Hemisphere (NH). However, methodological aspects of the
MAT, such as spatial autocorrelation within the training set, were
questioned during the last decade (e.g. Dale, 2001; Jackson and
Williams, 2004; Telford, 2006; Telford and Birks, 2005, 2009). The
ecological basis of the transfer functions have been evaluated for
dinoflagellate cysts as well as other microfossil groups such as
diatoms and benthic foraminifers (e.g. Anderson, 2000; Murray,
2001). Dale (1983, 1996) demonstrated that cysts in coastal/neritic
environments show consistent biogeographical distributions that
might differ considerably from those observed in the adjacent deep-
sea, notwithstanding a similar SST. Dale and Dale (1992) suggested
that the observed differences might be related to large-scale lateral
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transport of cysts produced in coastal waters to the deep-sea.
Furthermore, the species response model underlying the MAT
assumes a linear relationship between an environmental gradient
and the abundance of a particular species. A species however will
often show an unimodal relationship to a specific environmental
gradient as demonstrated by a.o. Whittaker (1973a,b).

This study provides the firstextensive database ofthe geographical
distribution of organic-walled dinoflagellate cysts from surface
sediment samples in the SE Pacific. In order to compile a database
which includes the spatial distribution ofrecent dinoflagellate cysts in
the SH, the SE Pacific core-top samples were combined with surface
sediment samples from earlier studies; this resulted in a database
including 350 sites. This so called SH350 database was further used to
gain insight into the underlying mechanisms and reliability of the
MAT as a method for quantitative palacoenvironmental reconstruc-
tions. This allows us to test if SSS and SST can be used as independent
determining parameters, apart from other hydrographical variables
and their mutual interactions, in order to make accurate quantitative
palaeohydrographical reconstructions.

2. Regional settings

The eastward flowing Antarctic Circumpolar Current (ACC)
dominates the surface water circulation of the SH high latitudes,
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Fig. 1. Location ofthe 48 studied sites along the Chilean coast Insetmap ofthe Jjord area in South Chile. The material derived from several institutions and cruises as indicated by the
coloured dots. The upper right map visualises the main sea-surface oceanographic currents and circumpolar frontal systems. Abbreviations: ACC, Antarctic Circumpolar Current;
CFW, Chilean Fjord Water; CHC, Cape Horn Current; PCC, Peru-Chile Current; APF, Antarctic Polar Front; SAF, Subantarctic Front; STF, Subtropical Front. Position ofthe circumpolar

frontal systems after Belkin and Gordon (1996).
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bData obtained flon the World Ocean Atlas 2001 (quarter degree resolution) of the National Oceanographic Data Center (Stephens e al, 2002 [temperature]; Boyer e al, 2002 [salinity]). SST
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*Estimated values, equated with nitrate and phosphate data from sample B o the Crucero Oceandgrafico CIMAR3 Fiordos (1998) (Palma and Silva, 2004; Valdenegro and Silva, 2003) a the entrance of the Strait of Magellan.
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and is bounded to the north by the Subtropical Front. This frontal
system separates the cold, nutrient-rich waters from the Subantarctic
Zone in the south from the warm, nutrient-depleted waters from the
Subtropical Zone in the north. Other circumpolar frontal systems
located in the southern part of SE Pacific are the Subantarctic Front
and the Antarctic Polar Front (Fig. 1).

The northward flowing Peru-Chile Current (PCC), also known as
the Humboldt Current, dominates the surface water circulation offthe
west coast of South America (Fig. 1). This eastern boundary current
originates between 40°S and 45°S, where the ACC approaches the
South American continent and branches offin a northward (PCC) and
a southward flowing current (Cape Horn Current; CHC) (Boltovskoy,
1976; Strub et al., 1998). Less than 100 km offshore, the less saline,
northward flowing Chilean Fjord W ater originates from the Patago-
nian fjords due to high annual rainfall associated with the onshore
blowing westerlies (e.g. Villa-Martinez and Moreno, 2007).

The nutrient-rich but oxygen-poor southward flowing Gunther
Under Current (GUC) underlies the PCC. This current transports
Equatorial Subsurface Water at a water depth of 100 to 400 m
(Fonseca, 1989) at an average speed 12.8 cm s_1 around 30°S (Shaffer
et al,, 1999), but diminishes in strength south of 33°S (Lamy et al.,
2001). The oxygen-rich Antarctic Intermediate Water (AAIW)
originates from subduction at the Antarctic Polar Front and flows
northward (-1.1 cm s_1 at30°S; Shafferetal., 1999) at400 to 1,200 m
water depth. The Pacific Deep Water (PDW) is a slow, southward
flowing current below 1,200 m water depth; it is in the deepest parts
of the ocean underlain by the oxygen-rich Antarctic Bottom W ater
(AABW) (Garcia et al., 2006a; Ingle et al., 1980).

Perennial southerly winds result in Ekman-drift induced upwell-
ing of cold, nutrient-rich water from the GUC between 32°S and 37°S,
while upwelling between ~37°S and 40°S is restricted to the austral
summer (Strub et al., 1998). The high supply of nutrients to the
surface waters and related high biogenic primary production make
that this region has an important impact on the global carbon cycle
(Hebbeln et al., 2000).

3. Material and methods
3.1. Palynological lab treatments and analyses

3.1.1. SE Pacific samples

Forty-eight surface samples, originating from the western South
American continental slope between 25°S and 53°S, were analysed.
Sampling took place during cruises of the Joides Resolution (ODP leg
202), the Melville (Scripps Institution of Oceanography (SIO); cruises
FD75-3 and M8011) and the Roger Revelle (SIO; cruise RR9702A).
Five surface samples from the Chilean Fjord area nearby the Strait of

Magellan were collected (March 2007) and provided by M. A. Godoi
Millan (Cambridge University, UK).

Since only wet material was treated palynologically and used for
the dinoflagellate cyst analysis, a surrogate sample helped to calculate
the dry weight of the wet material. This precautious procedure was
necessary, for the effect of drying techniques on the preservation of
dinoflagellate cysts is still largely unknown. The wet weight of the
surrogate samples ranges between 0.93 and 5.69 g, with an average of
2.33 g, resulting in dry weights between 0.42 and 3.59 g (average of
1.32 g). The wet sample weights range from 5.23 to 11.66 g with an
average of 8.29 g. Using the dry:wet ratio from the respective
surrogate sample, the dry weights of our samples were estimated
from 1.45 to 9.38 g (average 0f4.67 g). The Lycopodium marker-grain
method was used to calculate the amount of cysts per gram of dry
sediment (Mertens et al, 2009; Stockmarr, 1971). One to two
Lycopodium tablets (batch no. 483216, x= 18,583) were added to
each sample before the start of the acid treatments. The latter
involved demineralisation with cold HCl (6%) for the removal of
carbonates and cold HF (40%) for the dissolution of silicates (Louwye
et al.,, 2004). The part ofthe organic fraction swept away during each
decanting phase, was always recovered on a 10 pm mesh to prevent
the loss of palynomorphs, in particular Lycopodium spores, for these
tend to float (e.g. Salter et al., 2002). Mertens et al. (2009)
demonstrated that -24% of the Lycopodium spores were lost during
decanting, which might cause considerable errors when calculating
the cyst concentration per gram of dry sediment. The remaining
organic fraction underwent a sonication treatment for 30 s. and was
again sieved on a 10 pm mesh. The final residue was mounted on
microscopy slides with glycerine jelly. A Zeiss Axioskop 2 Plus light
microscope was used under 400 to 1,000x magnification for the
identifications. At least 300 dinoflagellate cysts were counted in each
sample, except in samples 11 (202 cysts) and 12 (262 cysts). In total
14,651 cysts were counted, with an average of 305 cysts/sample.

3.1.2. SH350 database

The SH350 database includes samples from eleven different core-
top studies: Esper and Zonneveld (2002, 2007), Harland et al. (1998),
Holzwarth et al. (2007), Marret (1994), Marret and de Vernal (1997),
Marret et al. (2001), Vink et al. (2000), Zonneveld et al. (2001),
Laurijssen and Zonneveld (unpublished) and this study. All studies
used cold acid treatments including diluted HCl and HF. The men-
tioned studies used variable durations and numbers of treatment
cycles but it is known that no selective degradation of dinoflagellate
cysts occurs when using cold acids (Mertens et al., 2009). Differences
in centrifugation time also have no influence on the preservation of
cysts (Mertens et al., 2009).

Plate 1. Microphotographs of dinoflagellate cysts and other palynomorphs from the SE Pacific.

(1). Cysttype 11 (slide M8011-18, England Finder reference [EF] D43/0-1 ), optical section, high focus on expanded bases ofprocesses, cystdiameter excluding processes 38 pm.
(2-3). Dinocyst sp. A (slide ODP1233-0 EF E45/2).

(2). High focus on granular surface and process bases which are composed out of several compartments.

(3). Optical section, focus on striate processes, orientation uncertain, cyst diameter exclusive ofthe processes 38 pm.

(4-5). Dinocyst sp. D (slide St2A EF Bi9/0).

(4). Optical section, surface covered by hair-like processes.

(5). High focus on archeopyle, cyst diameter excluding processes 37 pm.

(6). Echinidinium sp. 4 (slide RR9702A-06 EF D24/0), orientation uncertain, cyst diameter exclusive ofthe spines 25 pm.

(7-9). Impagidinium sp. 1 (slide FD75-3-04(2) EF U18/3).

(7). Optical section, focus on membranes.

(8). High focus on sulcal area, ventral view.

9). Combined low foci, dorsal view, archeopyle, maximum cyst diameter exclusive of the membranes 41 pm.

(10). Selenopemphix sp. 1 (slide RR9702A-10 EF B44/4), optical section with antapical view, archeopyle in low focus, cingulum characterised by undulated margins, maximum

cyst diameter 57 pm.

(11). Spiniferites sp. 5 (slide FD75-3-04(2) EF P16/2), optical section, processes always broken, tabulation similar to Spiniferites species, orientation uncertain, maximum cyst

diameter exclusive of processes 45 pm.

(12). Impagidinium cantabrigiense (slide M8011-13(2) EF G28/0), optical section. Scale bars 20 pm.
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Fig. 2. Dinoflagellate cyst concentrations along the Chilean continental margin,
inclusive the relative amount of heterotrophic versus autotrophic taxa.

However, different sieving techniques were used in the SH surface
sample studies. Both nylon meshes of 10 pm and Storck-Veco (mesh
508) precision sieves with round pores of exactly 20 pm diameter
were used. Mertens et al. (2009) and Lignum et al. (2008)
demonstrated that sieves with mesh widths up to 15 pm result in
an insignificant loss of cysts. The aperture size of a mesh is measured
along the x and y-axes and the diagonal aperture of a 15 pm mesh
measures 21.3 pm, but taking into account the irregularity ofa nylon
mesh, it might be slightly smaller or larger (Lignum et al,, 2008).
Therefore, meshes with a diagonal aperture up to 21.3 pm result in a
negligible loss of dinoflagellate cysts, and the difference in cyst loss
between a 10 pm nylon mesh (diagonal aperture of 14.2 pm) and a
Storck Veco precision sieve of 20 pm is negligible, as already
mentioned by Holzwarth et al. (2007).

Since the somewhat different palynological treatments and sieving
techniques do not result in differences in preservation and cyst loss,
the samples can be combined to form a SH dinoflagelle cyst core-top
database and the SH350 database can be used to test the accuracy of
the MAT.

3.2. Taxonomy
The taxonomy follows Rochon et al. (1999) and Fensome and

Williams (2004). However, the cyst orientations and their preservation
were not always favourable and a number of specimens have been
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Fig. 3. The relative amount of cysts produced by heterotrophic taxa plotted against
dinoflagellate cyst concentrations; the cyst concentrations and absolute abundances of
heterotrophs in relation with water depth.

identified only to genus level, grouped as Achomosphaera spp,,
Brigantedinium spp,, Impagidinium spp,, Lejeunecysta spp,, Polylcrikos
spp. or Spiniferites spp. Brigantedinium spp. represent the following
three taxa: Brigantedinium cariacoense, Brigantedinium simplex and Cyst
form C (Wall et al,, 1977). Specimens not identifiable to genus level
were grouped as ‘indeterminate gonyaulocoids’ or ‘protoperidinioids’.
Echinidinium granulatum and Echinidinium delicatum were grouped as
Echinidinium granulatum/delicatum. The nomenclature predating Mat-
suokaetal. (2009) was used forthe determination ofthe Polykrikos taxa.

The dinoflagellate cyst assemblages from the SE Pacific are still
poorly documented. A few new morphotypes belonging to the genera
Echinidinium, Impagidinium, Selenopemphix and Spiniferites, were
identified (Appendix A). An abundant cyst, Cyst type 11, is not
considered to be a dinoflagellate cyst since no morphological features,
such as a visible archeopyle, or culture experiments, are available to
classify this cyst within the division Dinoflagellata.

3.3. Environmental parameters

The one-degree resolution data of the World Ocean Atlas 2005 of
the National Oceanographic Data Center (Garcia et al,, 2006a
[oxygen]; Garcia et al,, 2006b [nutrients]) provided the present day
nitrate, phosphate, silica and oxygen concentrations (Table 1). The
annual and seasonal salinity and temperature data were obtained
from the quarter-degree resolution data of the World Ocean Atlas
2001 (Stephens et al., 2002 [temperature]; Boyer et al, 2002
[salinity]) (Table 1). The average annual SSTs in the study area vary
between 8 and 18 °C. Austral winter (July to September) minima are
observed in the vicinity ofthe Strait of Magellan (52.8°S) with SSTs of
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~6°C, while maxima of -16 °C are found at the location of the
northernmost sample (25.7°S). Austral summer (January to March)
SSTs vary between 10 and 21 °C. The SST reflects a clear N-S gradient,
but intense upwelling of cold water along the western South
American coast (32-37°S) during austral summer also causes a
steep east-west SST gradient of 3 to 4 °C with only a 2° shift in
longitude.

SSS shows a much narrower range. The oceanic samples, except
samples 1 to 5, all have an average annual SSSrange between 31.7 and
34.7 psu. According to the World Ocean Atlas 2001, samples 1 to 5
(Chilean fjord) have an austral summer SSS0f26.9 psu and an austral
winter SSS of 33.4 psu. However, salinity in fjords show a rapid
increase with depth from fresh/brackish water at the top (upper
meter <15 psu) to high saline water (-30 psu) at 10 m water depth
(M. A. Godoi Millan, unpublished).

3.4. Statistical analyses

The statistical approach ofthe dataset was performed using the R-
software 2.7.0 (R Development Core Team, 2008) and the CANOCO
4.02 for Windows software (ter Braak and Smilauer, 1998). Ordina-
tion techniques were used to reduce the multidimensionality of the
dataset by taking into account the covariance structure ofthe data. A
Detrended Correspondence Analysis (DCA; Hill, 1979) was performed
in order to determine the underlying response model of the species
distribution to the changing environmental parameters (see Supple-
mentary data 1). Non-transformed relative abundances of the
dinoflagellate cyst taxa were used as the input for the ordinations.
The first DCA axis has a length of 2.86 standard deviations, which
supports the assumption of an unimodal species response model (>2
SD; ter Braak, 1995), rather than a linear model. An unimodal curve
for ordination allows the estimation of an ‘optimum’ and the
ecological ‘tolerance’ of the species. A multivariate direct gradient
analysis, Constrained Correspondence Analysis (CCA; Jongman et al.,
1987; Ter Braak, 1986, 1987), was performed. This means that the
available environmental variables are explicitly incorporated in the
analysis. The conditional effect, which is the amount of variability
explained by only one particular variable (eliminating covariance), is
calculated through forward selection. The significance of each
environmental parameter was determined through Monte Carlo
testing, based on 499 unrestricted permutations. The species
distribution on the CCA ordination plot was compared with the
distribution pattern on the unconstrained CA (see Supplementary
data 2). This enables us to make an independent assessment of the
extent of contribution ofthe environmental variables included in the
CCA to the cyst signals. On the ordination diagram, environmental
parameters are shown by arrows pointing in the direction of
maximum variation, while their length demonstrates the relative
importance of the particular parameter. The centre of the plot
indicates the mean value for each environmental parameter. The
degree of correlation between environmental variables is visualised
by the angle between the environmental arrows: the greater the
angle, the less likely they are related to one other. The perpendicular
projection of the species or sample points onto an environmental
arrow gives the position ofthe abundance optimum ofthat species or
sample on the variable (ter Braak and Prentice, 1988).

3.5. Modem Analogue Technique—database extension and accuracy

The SH350 database was used in order to quantify the accuracy of
the MAT as a technique for quantitative palaecoenvironmental
reconstructions of sea-surface conditions. About three transforma-
tions of the relative abundances per taxa were performed in order to
compare the differences in precision ofthe MAT validation exercises:
(1) no transformation, and the (2) log[%+ 1] and (3) log[(%x 10) +1]
logarithmic transformations. The latter data transformation is in

agreement with the procedure introduced by de Vernal et al. (2001 ). It
includes a representation of the relative abundance data in per
thousand to avoid decimals which would result in negative logarith-
mic values. Thereby, ‘one’is added to the frequency of each taxon to
avoid null values for taxa with no occurrence in the dataset.
Logarithmically transformed relative abundances give more weight
to species with lower occurrences, which are often associated with a
narrower range ofenvironmental conditions and thus good indicator
species. Allthree datasets are separately used to calculate the distances
or degree ofsimilarity between each sample from the SH350 database,
and the selection of the best analogues. This enables us to select the
bestdata transformation method for palacoenvironmental reconstruc-
tions. In this study, five analogues were considered to estimate the
hydrographical conditions of a particular site. An environmental
variable is estimated by calculating the average of this variable from
the analogue sites, weighted inversely to the distance ofthe analogues.
Plotting the estimated versus observed hydrographical data in a
scatter plot gives an indication of the accuracy of the reconstruction
according to de Vernal et al. (1997). The more the linear equation
approximates y = x (lowest Root Mean Square Error [RMSE]) with
R2= 1, the better the environmental reconstruction should be.

4. Results
4 1. Spatial distribution oftaxa

Forty-eight surface samples were analysed for organic-walled
dinoflagellate cysts in order to determine their spatial distribution
in the SE Pacific (Fig. 1). A total of 55 taxa were distinguished
(Appendix A). Twenty-eight species are heterotophic, 26 autotrophic
and one has an unknown affinity (Dinocyst sp. D; Plate 1 Figs. 4-5).
The most prominent heterotrophs are Brigantedinium spp. (0-90%),
several Echinidinium species (0-42%) and cysts of Protoperidinium
americanum (0-18%). Dinocyst sp. A (Plate 1 Figs. 2-3), Lejeunecysta
spp. indet., Polykrikos kofoidii, Polykrikos schwartzii, Quinquecuspis
concreta, Selenopemphix quanta, Selenopemphix sp. 1 (Plate 1 Fig. 10),
Trinovantedinium applanatum and Votadinium spinosum are much less
frequent (<5%). The main constituents ofthe autotrophic assemblages
are Impagidinium species (0-45%), Nematosphaeropsis labyrinthus (0-
56%), Operculodinium centrocarpum (0-26%), cysts of Pentapharsodi-
nium dalei (0-16%), Pyxidinopsis reticulata (0-15%) and Spiniferites
species (0-31%) (see Supplementary data 3).

The cyst concentration per gram of sediment varies between 525 +
52 and 100,7533=17,205, while the relative amount of heterotrophic
taxa fluctuates between 1.5 and 99.7% (Figs. 2 and 3). Both the total cyst
concentrations and the absolute abundances of heterotrophic species
display a prominent decrease with increasing water depth (i.e.,
increasing distance from the shore) (Fig. 3). Areas characterised by
high cyst concentrations (>20,000) in their sediments are always
dominated by heterotrophs (>80%), regions with lower cyst concentra-
tions (<20,000) show a varying ratio of heterotrophic and autotrophic
taxa (Fig. 3).

Low cyst concentrations characterise the five most equatorward
sites (11-15) (Fig. 1). Three ofthem have an assemblage which isalmost
completely autotrophic, dominated by Impagidinium aculeatum, Nema-
tosphaeropsis labyrinthus, Operculodinium centrocarpum and Spiniferites
ramosus (Figs. 2 and 4). The sites between 33 and 42°S are dominated by
the heterotrophic Brigantedinium spp., Echinidinium aculeatum, Echini-
dinium granulatum/delicatum and cysts of Protoperidinium americanum
(Fig. 4). Very high cyst concentrations of more than 50,000 cysts per
gram are found offshore Concepcion (35-37°S) (Fig. 2), an area
characterised by year-round upwelling resulting in high nitrate,
phosphate and silica concentrations in the surface waters (Fig. 5).
South ofthe Subtropical Front, Nematosphaeropsis labyrinthus becomes
more dominant (up to 50%), but its frequency is still restricted in the
near-coastal samples between 40 and 42°S (Fig. 4). The most poleward
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sites in the Chilean Fjord area near the entrance ofthe Strait of Magellan
are dominated by Brigantedinium spp. (>80%) (Fig. 4). The only
autotrophs recorded in this area were cysts of Pentapharsodinium dalei
and a single specimen of Operculodinium centrocarpum (Fig. 4).

Notable is the occurrence of a single specimen of Impagidinium
cantabrigiense. This species was recorded and described by De Schepper
and Head (2008) from the Pliocene/Pleistocene section of DSDP Hole
610A (53°13.30'N; 18°53.21'W). The oldest finds of the species date
from the latest Pliocene (1.86 Ma), its youngest occurrence from the
Middle Pleistocene (0.53 Ma). However, the sample corresponding with
the age 0f0.53 Ma is the highest sample processed from Hole 610A, and
younger occurrences of the species are not excluded. The single
Impagidinium cantabrigiense specimen at site 24 suggests that the
species may not be extinct, although it may also be a rare reworked
specimen.

4.2. Constrained Correspondence Analysis

The overall inertia (variance) in the species dispersion is 1.145 while
the amount of the total variation explained by the environmental
variables, the sum of constrained eigenvalues (explainable inertia), is
0.816 (Fig. 6a and b, Table 2). The first two CCA-axes combined explain
45.6% ofthe variance in the species distribution, while they explain 64%
of the total explainable inertia (Table 2). The species distributions on
the CA and CCA ordination plots are very similar (Supplementary data
2); this suggests that the environmental factors expressed in the CCA
have a major influence on the dinoflagellate cyst distribution (Dale and
Dale, 2002). The environmental variables significantly correlated
(P<0.05) with the CCA axes, are the annual mean and summer mean
silica concentrations in the surface waters (aS[0 m]; sS[0 m]), the mean
sea-surface temperature during austral winter (wSST), the summer and
annual mean sea-surface salinity (sSSS; aSSS) and the annual mean
nitrate concentrations at the surface (aN[0 m]) and at 30 m water
depth (aN[30 m]) (Table 3). The strength ofeach variable is expressed
by the Lambda A values, of which the sum corresponds with the
explainable inertia (Table 3).

Six distributional site groupings were identified from the ordina-
tion diagram (A-F; Fig. 6b) which correspond to the environmental
groups visualised in Fig. 4: (A) the most equatorward sites
characterised by low nutrient concentrations; (B) upwelling region
with high nutrient supply; (C) no upwelling, nutrients available but in
lower concentrations compared with the upwelling and fjord areas;
(D) most poleward oceanic samples, high availability of nitrate and
phosphate but low silica concentrations; (E) open oceanic sites,
restricted nutrient availability; (F) fjord samples, high nutrient
concentrations.

The first CCA axis (CCAl) shows a contrast between the
heterotrophic cysts which plot at the negative side of CCAl and the
autotrophic cysts plotting positively (Fig. 6a). The nutrient rich fjord
and upwelling sites are ordinated at the negative side of CCAl (Groups
B and F), while sites characterised by a depletion of one or more
macronutrients are plotted positively (Groups A, Dand E) (Fig. 6b). At
the negative side, CCAl is best correlated with silica and phosphate
concentrations in the surface waters, at the positive side with water
depth (Fig. 6a and b, Table 4). However, when considering the
seperate effect of the environmental factors by eliminating the

covariance between environmental parameters (= conditional
effects), phosphate concentrations and water depth seem to be less
important variables (Table 3). The reason for this is the negative
correlation between water depth and nutrient concentrations (mainly
silica), and the latter are known to have a considerable impact on the
dinoflagellate cyst assemblages (Table 4). Therefore, the observed
changes in cyst assemblages with variable water depth (or distance
from the shore) are most likely the result of a change in nutrient
availability rather than water depth itself.

Fig. 7 shows that CCAl explains almost entirely the variation in the
relative amount of heterotrophs in the assemblages (R2= 0.98), with
lowest CCAL scores for high productive, nutrient rich upwelling areas.
The amount ofvariance in the species distribution explained by CCAl
is largest for the following species: Brigantedinium spp. (49%),
Nematosphaeropsis labyrinthus (49%), Operculodinium centrocarpum
(44%), Spiniferites ramosus (35%), Dubridinium caperatum (32%),
Spiniferites spp. indet (28%), Impagidinium aculeatum (26%), Echinidi-
nium aculeatum (25%), Impagidinium paradoxum (21%), Echinidinium
granulatum/delicatum (20%) and Selenopemphix quanta (20%)
(Table 5).

The second axis is strongly correlated with SSSand SST (Fig. 6a and b,
Table 4). The highest positive scoring end-members on CCA2 are
temperate to tropical species such as Impagidinium aculeatum, Impagi-
dinium paradoxum, Impagidinium strialatum, Spiniferites mirabilis and
Spiniferites ramosus, which have highest relative abundances in Group A
(Fig. 6a, b). Cold water species such as Echinidinium karaense,
Impagidinium pallidum, Nematosphaeropsis labyrinthus and Polykrikos
schwartzii plot most negatively and show highest relative abundances in
Groups Dand F (Fig. 6a and b). Considering the conditional effects ofthe
variables, only the average winter SSTand the annual and summer mean
SSS correlate significantly with the CCAaxes (Table 3). The taxa showing
the best fit with CCA2, representing SST, are Impagidinium strialatum
(40%), Nematosphaeropsis labyrinthus (34%), Impagidinium paradoxum
(31%), Pyxidinopsis reticulata (26%), Spiniferites ramosus (21%) and
Spiniferites spp. (21%) (Table 5).

The percentage fit by all environmental variables combined shows
that the given environmental parameters explain >60% of the
distribution of Brigantedinium spp. (88%), Nematosphaeropsis labyr-
inthus (86%), Echinidinium aculeatum (85%), Spiniferites ramosus
(84%), Impagidinium pallidum (81%), Echinidinium granulatum/delica-
tum (72%), Impagidinium plicatum (72%), Selenopemphix quanta (71%),
Dubridinium caperatum (68%), Impagidinium strialatum (68%), cysts of
Protoperidinium americanum (64%) and Dinocyst A (63%) (Table 5).

4.3. Modem Analogue Technique

A validation exercise was performed to test the accuracy of the
MAT as a technique for quantitative reconstructions of palacohydro-
graphical changes. The SH350 database was used as a training set to
estimate SSSand SST ofall sites, in order to compare these results with
the observed values (Fig. 8a, b, ¢, d and e). The smaller the RMSE (the
mean difference between the observed and estimated values), the
better the reconstruction should be. The non-transformed dataset of
the relative abundances gives the lowest RMSEs for both SSS and SST
(winter-summer) (Fig. 8b, ¢, d, and e, Table 6). The least good fits
result from the log([%x10] + 1) dataset transformation (Table 6). This

Fig. 6. Plots showing the results ofthe firsttwo axes ofthe Constrained Correspondence Analysis (CCA) ordination diagram, species and sites separately visualised, a) Only the taxa
with a total occurrence in the dataset of more than three specimens are considered. Abbreviations of environmental variables: a, annual; w, winter; s, summer; P, phosphate; N,
nitrate; S, silica; SSS, sea-surface salinity; SST, sea-surface temperature. Abbreviations ofspecies names: ACHO, Achomosphaera spp.; BSPP, Brigantedinium spp.; BTEP, Bitectatodinium
tepikiense; DINA, Dinocyst sp. A; DUBR, Dubridinium caperatum; EACU, Echinidinium aculeatum; EGRA, Echinidinium granulatum/delicatum; EKAR, Echinidinium karaense; ESPP,
Echinidinium spp. indet.; IACU, Impagidinium aculeatum; IPAL, Impagidinium pallidum; TPAR, Impagidinium paradoxum; 1PAT, Impagidinium patulum; TPLL, Impagidinium plicatum, ISPH,

Impagidinium sphaericum; 1SPP, Impagidinium spp. indet.; ISTR, Impagidinium strialatum; LSPP, Lejeunecysta spp.; NLAB, Nematosphaeropsis labyrinthus; OCEN, Operculodinium

centrocarpum; OISR, Operculodinium israelianum; PAME, cysts of Protoperidinium americanum; PDAL, cysts of Pentapharsodinium dalei; PER], Indeterminate protoperidinioids; PKOF,
cysts of Polykrikos kofoidii; PSCH, cysts of Polykrikos schwartzii; PRET, Pyxidinopsis reticulata; QCON, Quinquecuspis concreta; SELSP1, Selenopemphix sp. 1; SQUA, Selenopemphix
quanta; SMIR, Spiniferites mirabilis; SRAM, Spiniferites ramosus,; SSPP, Spiniferites spp. indet.; TAPP, Trinovantedinium applanatum;VSPL, Votadinium spinosum, b) Site numbers. The site
distribution on the CCA plot results in the identification of 6 groups (A-F), corresponding to their geographical distribution.
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indicates that weighting ofrare species with narrow ecological ranges transformed database are selected within the same cluster (75% at
does not result in better estimations, but rather the opposite. average; max. 92%; min. 32%), and average 63% (max. 80%; min. 24%)

When dividing the SE Pacific sites in multiple clusters in a similar way within a range of 2.5° longitude/latitude (Table 7). Almost the same
as Telford (2006) did (Fig. 9), most of the analogues of the non- results are obtained with the log(%+1)-transformed database. When the
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Table 2

Eigenvalues for the first four CCA axes; species-environment correlation; cumulative
percentage variance of species data; cumulative percentage variance of species-
environment relation; sum ofall eigenvalues; sum of all constrained eigenvalues.

CCA CCA axes
Axis 1 Axis2 Axis3 Axis4 Total
intertia

Eigenvalues 0.341 0.181 0.13 0.069 1.145
Species-environment correlations 0.877 0.946 091 0.926
Cumulative percentage variance

of species data 29.8 45.6 56.9 62.9

of species-environment relation  41.8 64 79.9 88.4
Sum ofall eigenvalues 1.145
Sum ofall canonical eigenvalues 0.816

data are transformed as suggested by de Vernal et al. (2001 ), the number
ofanalogues selected in the immediate vicinity decrease to an average of
63% within the same cluster and 55% within a 2.5° range (Table 7).

5. Discussion

5.1. Geographic distribution of organic-walled dinoflagellate cysts
related to environmental conditions

5.1.1. Transport and preservation

A debated issue in the domain ofdinoflagellate cyst palacoecology
concerns the effects of transport and of preservation on the accuracy
of palacoenvironmental reconstructions (e.g. Dale, 1976; Dale, 2001;
Dale and Dale, 1992; Mudie, 1992; Zonneveld and Brummer, 2000;
Zonneveld et al, 1997; Zonneveld et al, 2001). Transport and
preservation may cause misinterpretation when associating dinofla-
gellate cyst assemblages in core-top samples with the prevailing
environmental conditions in the above lying surface waters. To test
whether horizontal transport ofdinoflagellate cysts occurred offshore
Chile, the cyst associations ofadjoining sites at different water depths
were compared. If lateral transport had occurred, the cysts from the
deepest samples would be formed further away from the respective
sites compared with the shallower ones because ofthe longer sinking
period. So one would expect different assemblages originating from
different locations at the adjoining sampling sites. Sites 8, 9 and 44 to
47 are located at depths between -100 and -1,100 m around 36.5°S
(Fig. 1, Table 1). All cyst assemblages are very similar and show high
cyst concentrations dominated by Brigantedinium spp. and Echinidi-
nium species (Fig. 4). These data indicate that only negligible lateral
transport occurred in the surface and subsurface waters (PCC, GUC,
and AAIW) of the SE Pacific. This is in agreement with data from
Shaffer et al. (1999, 2004), demonstrating that the AAIW moves too
slowly to cause resuspension of sediments. The similar assemblages at
sites 10, 31 and 32 (~33°S; Fig. 1) situated at water depths between
4,000 and 6,000 m also excludes transport by bottom water currents
(PDW and AABW) which is in agreement with the observations of
Ingle et al. (1980). Further evidence for negligible lateral transport in
the studied area is the good match between the cyst assemblages and
the hydrographical boundaries as visualised in Fig. 4. Additionally,
almost no reworked palynomorphs were recorded, which may
indicate negligible sediment transport.

The overall preservation of the palynomorphs was good but
selective degradation cannot be excluded with absolute certainty in
all samples. The five northernmost samples (11-15) (Fig. 1) are
located in the deep parts of the Peru-Chile trench at depths of
-6,000 m and more (Table 1). The low cyst concentrations and high
relative amount of resistant autotrophic cysts between 25°S and 31°S
may be caused by selective degradation, related to higher bottom
oxygen concentrations associated with the AABW (Garcia et al.,
2006a; Ingle et al,, 1980). The low concentrations of either nitrate,
phosphate or silica in the surface waters between 25°S and 31°S

Table 3
Significance ofthe given environmental variables in determining the nature of species
distribution.

Environmental Significance

parameters Lambdal LambdaA P-value
Marginal effectsa

aSilica[0 m] 0.21

waterdep 0.17

sSilica[0 m] 0.17

sSST 0.16

aSST 0.16

wSST 0.16

sPO4[0 m] 0.15

sSSS 0.15

aPO4[0 m] 0.15

aSSS 0.14

PP (MODIS) 0.14

wSSS 0.13

aPO4[30 m 0.12

aNO3[0 m] 0.11

aNO3[30 m] 0.06

sNO3[0 m] 0.02

Conditional effectsb

aSilica[0 m] 0.21 0.002
wSST 0.16 0.002
sSilica[0 m] 0.11 0.002
aNO3[30 m] 0.06 0.002
aSSS 0.04 0.022
sSSS 0.05 0.010
sPO4[0 m] 0.02 0.072
waterdep 0.03 0.072
PP (MODIS) 0.02 0.072
aNO3[0 m] 0.03 0.032
aSST 0.02 0.092
sNO3[0 m] 0.02 0.110
sSST 0.02 0.078
aPO4[30 m] 0.01 0.414
wSSS 0.01 0.622
aP04[0 m] 0.01 0.708

a Marginal effects represent the amount of variance explained by the variable,
uncorrected for covariance.

b Conditional effects represent the amount of variance explained by a particular
variable only (i.e. the unique effect of the variable on the species composition). The P-
values are indicative for the significance of the variable (at the 5% significance level,
P<0.05).

during austral summer could also be controlling factors for the low
cyst production (Fig. 5). Adepletion of phosphate prevents diatoms to
proliferate, even when nitrate and silica are present in quantity (Egge,
1998). Diatoms become also scarce when silica is depleted (Abrantes
et al., 2007; Kilham, 1971). Since diatoms form an important source
of nutrition for heterotrophic dinoflagellates (e.g. Jacobson and
Anderson, 1986), protoperidinioid cysts are observed only in low
concentrations. Mechanical degradation of cysts as the result of
turbidity currents must also be considered and turbidity flows are
known to occur preferentially along submarine slopes at active con-
vergent plate margins such as the Peru-Chile trench (Blumberg et al.,
2008). The poorly preserved cysts of Operculodinium centrocarpum,
a species moderately sensitive for oxygenic degradation (Zonneveld
et al., 1997), let us assume that degradation processes occurred after
deposition at sites 15 and 41. The oxygen-rich AABW could be the
reason for the poor preservation ofthe sensitive protoperidinioid cysts
in the southernmost oceanic sample (33) (Fig. 1); this may lead to an
overestimation of the relative amount of autotrophs. Higher relative
abundances of heterotrophic cysts were expected south 0f43°S based
on the increasing nitrate and phosphate concentrations. However,
lower concentrations were observed with respect to the sites north of
43°S. The reason for this is most likely the silica depleted surface
waters occurring south of 43°S, rather than a preservational issue
(Fig. 5).The geographical fitbetween the silicadepleted surface waters
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Correlation matrix of environmental parameters and the (CA axes.
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and the lower concentration of Protoperidinium cysts supports
negligible lateral transport of cysts in the studied region. At the
entrance of the Strait of Magellan (~53°S), similar nitrate and
phosphate but higher silica concentrations (~9 umol/l) with respect
to the southernmost oceanic sites were measured by Valdenegro and
Silva (2003). Here, extremely high cyst concentrations, between
50,000 and 100,000 cysts per gram, were observed (samples 4 and 5),
dominated by Brigantedinium spp. (80-90%). This may point to the
positive influence of silica availability in the surface waters for the
spatial distribution of protoperidinioid cysts.

5.1.2. Spatial distribution of dinoflagellate cyst taxa

The geographical distribution ofthe taxa (Fig. 4) and their position
in the CCA ordination plot allows to distinguish oceanic and coastal/
neritic assemblages (Fig. 6). Warm, cold and upwelling related
assemblages are also distinguished. Based on the CCA plot, the oceanic
assemblages are dominated by autotrophic dinoflagellate cysts and low
cyst concentrations, while coastal/neritic environments are dominated
by heterotrophic taxa and high cyst concentrations (Fig. 3). This
confirms the results of a.o. Boessenkool et al. (2001b), Bouimetarhan
etal. (2009), Dale etal. (2002), Holzwarthetal. (2007), Pospelova et al.
(2008). The available surface samples allowed us to study two coast-
ocean transects over -2° longitude (74°W-76°W) at 40°S and 41°S,
respectively, to point out the possible effect of water depth and the
covarying nutrient concentrations on the cyst composition (Fig. 10).
The SSS of the most coastward sample in both transects is -1.5 psu
lower compared with that of the oceanic sites, while temperature
slightly decreases in the immediate vicinity ofthe coast (ASST= 0.9 [1]
and 0.6 [2]). Nevertheless, we observed an obvious shift from
heterotrophic dominated assemblages to autotrophic dominated
assemblages with increasing distance from the coast (Fig. 10). In both
transects, the most prominent change in the cyst association occurs
between 75°W and 76°W, the coast being located at 74°W. This
excludes SSS and SST as triggers for the changing cyst compositions
along both transects, but points at the importance of nutrient
availability which decreases with increasing distance from the shore.
This is in agreement with the observations of a.o. Dale et al. (2002).

Both the oceanic and coastal assemblages contain species associated
with cold environments, such as Echinidinium karaense, Impagidinium
pallidum, Nematosphaeropsis labyrinthus, Polykrikos schwartzii and Seleno-
pemphix antarctica (Fig. 4). As to the warm water species, it is difficult to
determine whether the presence of these species is conditioned by
warmer surface waters or nutrient depletion, because the five most
equatorward sites, characterised by the highest SST, have very low
macronutrient concentrations in the surface waters. In the case of
Pyxidinopsis reticulata, the high relative abundances ofthis species at the
mostnorthward sites may be related with macronutrientdepletion rather
than with increasing SST (Fig. 4); at sites south of Australia (50°S; Marret
and de Vernal, 1997) characterised by mean annual SSTs of <10 °C, this
species is well represented. Species which seem to be more related with
warmer surface waters are Impagidinium paradoxum, Impagidinium
strialatum, Spiniferites mirabilis and Spiniferites ramosus (Fig. 4).

The active coastal upwelling zones (Fig. 5) are characterised by the
dominance of Brigantedinium spp., Echinidinium aculeatum, Echinidi-
nium granulatum/delicatum and cysts of Protoperidinium americanum.
Other taxa occurring in highest abundances in the immediate vicinity
of active upwelling cells are Dinocyst sp. A, Dubridinium caperatum,
Echinidinium sp. 4, Selenopemphix quanta, Selenopemphix sp. 1 and
Votadinium spinosum. The observed dominance of protoperidinioid
taxa in coastal upwelling systems and the presence of fewer
autotrophic species which are largely out-competed by diatoms
(Dale, 1996; Dale et al.,, 2002) accords with the results of previous
studies (Dale, 1996; Dale et al., 2002; Holzwarth et al., 2007; Marret,
1994; Marret and Zonneveld, 2003; Pitcher and Joyce, 2009;
Pospelova et al.,, 2008; Sprangers et al., 2004; Susek et al., 2005;
Wall et al., 1977; Zonneveld, 1997; Zonneveld et al., 2001). However,
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Fig. 7. Geographical plot of the scores of the first two CCA axes. The relationship between CCAl and silica availability, heterotrophic taxa per gram and relative abundances of
heterotrophs is visualised. A scatter plot showing the relationship between CCA2 and the austral winter SST is also shown.

not all these taxa are necessarily linked to active coastal upwelling
cells, such as Brigantedinium spp., which is fairly a cosmopolitan
genus. Echinidinium granulatum/delicatum and cysts of Protoperidi-
nium americanum show highest concentrations in active upwelling
systems, but also occur in relatively high numbers in regions without
upwelling along the Chilean coast, on condition that dissolved macro-
nutrients are sufficiently available in the upper water column (Fig. 4).
According to the present study, the best markers for the detection of
active upwelling of nutrient rich water are Echinidinium aculeatum
and Cyst type 11 (Fig. 4, Plate 1 Fig. 1). Although Echinidinium
aculeatum does not occur in very high relative abundances (6-10%) in
upwelling regions, an obvious increase is observed between 32°S and
37°S with respect to other coastal regions (Fig. 4).

The CCA output confirms the importance of dissolved nutrients
in the euphotic zone as the main triggering environmental
variables for protoperidinioid taxa (Figs. 6 and 7). The variance in
the relative abundances of heterotrophic taxa is almost perfectly
explained by the first CCA axis (R2= 0.98) (Fig. 7), mainly repre-
senting water depth and nutrient availability (Fig. 6, Table 4).
Remarkably, the increasing concentration of dissolved nitrate in the
surface waters in active upwelling regions does not result in a
correlation of its vector with the heterotrophic taxa in the CCA
ordination plot. The reason lies in the increasing concentrations of
surface water nitrate south of 43°S. A depletion of silica south of
43°S most likely leads to lower concentrations of protoperidinioids
and results in a deviation ofthe mean annual surface water nitrate

concentration vector in the CCA plot to colder sites and their asso-
ciated species (Fig. 6).

5.2. Constraints on the applicability of dinoflagellate cyst based
quantitative palaeohydrographical reconstructions

The MAT applied to dinoflagellate cysts is a transfer function
method used in palacoceanography for the quantification of palaeo-
hydrographical changes during the Quaternary. The main presuppo-
sition ofthe MAT is that similar dinoflagellate cyst assemblages derive
from similar environments and that the environmental variables used
are ecologically important (Birks, 1995). So far, the method has been
used mainly to reconstruct SSS and SST (e.g. de Vernal and Hillaire-
Marcel, 2000; de Vernal and Pedersen, 1997,2001,2005; Marret etal.,
2001), as SSS and SST are generally considered to be the main
ecological parameters determining overall species distributions. In
this case, cyst assemblages are regarded as a function of SSS or SST
only, excluding any form of interaction between these and other
environmental parameters. This approach differs fundamentally from
the statistical methods used in ecological studies. The biogeographical
distribution of species is related to the intricate interaction of
biological and environmental factors, making it often difficult to
assess the extent to which a particular variable influences the spatial
distribution of a taxon (Dale and Dale, 2002).

To test the suitability of the MAT for palaecoenvironmental
reconstructions in the SH, particularly in the SE Pacific, a validation



TJ. Verleye, S. Louwye | Palaeogeography, Palaeoclimatology, Palaeoecology 298 (2010) 319-340 333

Table 5

Cumulative fit per dinoflagellate cyst species as fraction of variance of species. The
values indicate to which extent a particular axis explains the variation in the
distribution of a particular species (perfect fit=1). The last column shows the
percentage fit ofall environmental variables together.

Underlined values: more than 20% oftotal species variance explained by respective axis.

Taxa CCA axes
Axis 1 Axis 2 Axis 3 Axis 4 %Expl

Achomosphaera spp. 0.00 0.00 0.01 0.01 24
Brigantedinium spp. 0.49 0.56 0.87 0.88 88
B. tepikiense 0.13 0.13 0.14 0.17 42
Dinocyst A 0.14 0.17 0.40 0.41 63
D. caperatum 0.32 0.33 0.40 0.40 68
E. aculeatum 0.25 0.36 0.59 0.61 85
E. granulatum/delicatum 0.20 0.31 0.69 0.69 72
E. karaense 0.07 0.11 0.52 0.54 58
I aculeatum 0.26 0.44 0.49 0.68 69
L pallidum 0.16 0.33 0.34 0.35 81
I paradoxum 0.21 0.52 0.53 0.54 58
L patulum 0.04 0.18 0.19 0.19 55
I plicatum 0.41 0.42 0.42 0.42 72
I sphaericum 0.16 0.36 0.41 0.50 59
L strialatum 0.18 0.58 0.61 0.62 68
Lejeunecysta spp. 0.02 0.04 0.14 0.14 36
N. labyrinthus 0.49 0.83 0.86 0.86 86
0. centrocarpum 0.44 0.45 0.45 0.50 59
0. israelianum 0.07 0.07 0.08 0.09 28
Cysts of P. americanum 0.11 0.16 0.54 0.56 64
Cysts of P. dalei 0.02 0.02 0.27 0.28 41
P, kofoidii 0.04 0.09 0.09 0.24 41
P, reticulata 0.29 0.55 0.59 0.62 67
P. schwartzii 0.09 0.18 0.51 0.54 61
QO concreta 0.12 0.14 0.23 0.23 53
S. quanta 0.20 0.25 0.32 0.46 71
Selenopemphix sp. 1 0.06 0.18 0.28 0.28 59
S. mirabilis 0.07 0.18 0.18 0.20 35
S. ramosus 0.35 0.55 0.56 0.83 84
Spiniferites spp. indet. 0.28 0.48 0.49 0.57 61
T. applanatum 0.02 0.11 0.27 0.27 46
V. spinosum 0.19 0.22 0.26 0.28 53

exercise compared the observed and estimated SST and SSS (summer
and winter), considering only the closest five analogues (Fig. 8b, c, d,
and e). According to de Vernal et al. (1997), the correlation between
estimated and observed SSS and SST leads to a quantification of the
accuracy of the MAT. The striking correlation between the observa-
tions and estimations give the impression that the MAT is capable to
perform SSS and SST reconstruction with high accuracy. However, the
background data show a geographical clustering of the analogues in
the immediate vicinity of the sites from which the SSS and SST are
estimated, as also observed by Telford (2006). Therefore, five clusters
which enclose restricted geographical areas were distinguished in the
SE Pacific (Fig. 9) in a similar way as done by Telford (2006). Using the
non-transformed relative abundance dataset, i.e., best fit between
estimations and observations (Table 6), 75% of the analogues were
selected within the same cluster, while 63% were found within a range
0f2.5° longitude/latitude (Table 7). Taking these results into account,
the good fit between observed and estimated values is rather
unsurprising. Within a 2.5° range, and even within the clusters,
environmental variables such as SSS, SST, nutrient availability and
light regime remain fairly unchanged in a oceanic environment.
Therefore, as also demonstrated by Telford (2006), any variable
varying less within clusters than between clusters will appear
possible to reconstruct, irrespective of its ecological relevance. In
that case, the reconstruction ofnitrate and phosphate contents, and to
a lesser extend even water depth, also result in good fits between
observed and estimated values (Fig. 8fi g, and h). Also, the MAT does
not consider the interaction of the ecological parameters. As already
shown, the high availability of dissolved macronutrients in the active
upwelling area off Concepcion results in high cyst concentrations and

almost entirely heterotrophic assemblages. However, south of 43°S,
the high nitrate and phosphate concentrations do not result in high
cyst concentrations and protoperidinioid-dominated assemblages,
most likely because of the silica depleted surface waters preventing
diatoms to bloom (Kilham, 1971). This example points to the
importance of considering interactions of parameters. Although SSS
and SST are probably the most important environmental parameters
influencing the distribution ofdinoflagellate cysts on a global scale, on
a regional scale, other variables such as availability of nutrients, water
depth, light regimes, water stability etc. may be equally or even more
important. Therefore, salinity and temperature should not be
considered independent ofthe other ecological variables. In order to
illustrate the importance of other parameters and their mutual
interactions in the reconstructions, the cyst assemblages of several
modern sites with a comparable SSS and SST, located randomly over
the SH, were compared (Fig. 11). In the three comparisons, totally
different assemblages were detected at sites with similar SSS and SST.
An increase in the availability of macronutrients seems to increase the
amount of heterotrophs in the assemblages (Fig. 11). The silica
depleted surface waters west off Tasmania (Garcia et al., 2006b)
probably caused the low protoperidinioid concentrations at site
TAS67GC46 (Marret and de Vernal, 1997), while high concentrations
of autotrophs in core GeoB2019-2 (Esper and Zonneveld, 2002)
probably relate with low nitrate concentrations in the area of the
latter core.

5.3. The Modem Analogue Technique applied on the last25 cal ka ofODP
1233 (4VS)

The fossil dinoflagellate cyst record from core site ODP1233 (Verleye
and Louwye, 2010) was used to test the practicability of the MAT to
quantify palacoenvironmental changes in the SE Pacific (41 °S) during
the last 25 ka. In both the fossil and modern dataset, Dubridinium
caperatum was grouped together with Brigantedinium spp.

Between 25 and 22 cal ka BP, the LGM period is characterised by
intense and abrupt fluctuating MAT-based SSTs (A5.5 °C/200 yr), not
comparable with the alkenone record of Lamy et al. (2007) (A3 °C/
2 ka) (Fig. 12). The reason for this is the very abundant occurrence of
the cosmopolitan genus Brigantedinium spp. during the LGM (65-
85%). Today, this genus occurs in high abundances in both the
Southern Ocean (e.g. Esper and Zonneveld, 2002; Harland et al,
1998), offshore Chile between 33°S and 43°S and even in the
Patagonian fjords. This resulted in the selection of analogues from
diverse locations covering an aSST range from 5 to 15 °C. Dependent
on which region provides the most analogue samples, the estimated
SSTs are substantial lower or higher, which results in highly deviating
values. As Brigantedinium spp. includes but heterotrophic species and
is capable to proliferate within a wide SST range, its abundances will
most likely be influenced by the availability of its main food resources
rather than by a change in SST. This makes it hazardous to make
accurate quantitative SST reconstructions based on assemblages
dominated by a species whose occurrences are mainly determined
by some external factor not included in the calculation.

The two-step warming phase (A8 °C) between 18.6 and 10.7 cal ka
BP corresponds with only a 2 °C increase according to the MAT. The
number of analogues within a 2.5° range around ODP site 1233
increases between 18.6 and 16 cal ka BP; they do not however have an
effect on the MAT-based SST values. This demonstrates that different
assemblages may occur in environments with similar SST as also
shown in Fig. 11 and supports the findings of Dale (1983,1996) who
observed different assemblages in coastal sites and sites from the
adjacent deep-sea, without a change in SST.

The Antarctic Cold Reversal (14.4-13.2 cal ka BP) is characterised by
high abundances of Operculodinium centrocarpum (up to 86%). According
to Verleye and Louwye (2010), this period corresponds with unstable
conditions caused by extreme seasonality, because of the vicinity of the
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Fig. 8. (a) Locations of the 350 surface sample sites in the Southern Hemisphere, (1) SE Pacific (this study); (2) Southern Indian and Pacific Ocean (Marret and de Vernal, 1997;
Marret et al.,, 2001); (3) Southern Ocean, Antarctica (Harland et al., 1998); (4) southern Atlantic Ocean (Esper and Zonneveld, 2002); (5) western (Sub)Equatorial Atlantic Ocean
(Vink et al., 2000); (6) Gulf of Guinea (Marret, 1994); (7) Benguela upwelling area (Zonneveld et al., 2001); (8) Southern Ocean, Antarctica (Esper and Zonneveld, 2007);
(9) western South Atlantic Ocean (Laurijssen and Zonneveld, unpublished); (10) Benguela upwelling area (Holzwarth et al.,, 2007). (b-h) Validation exercises: Estimated values
plotted against observed values using the non-transformed relative abundance dataset for (b) winter SST; (c¢) summer SST; (d) winter SSS; (e) summer SSS; (f) nitrate;
(g) phosphate; (h) water depth. Grey dots represent the SE Pacific samples, black dots represent other Southern Hemisphere samples. The regression line is given for both the SH350
database (black) and the SE Pacific database (grey), inclusive its linear equation and R2 The RMSE for both datasets is calculated with respect to the ‘y = x’regression line through the

origin, visualised as a pale grey dashed line.

Subtopical Front. This time interval is interpreted differently by the MAT as
a sudden increase in SST of ~5 °C. Operculodinium centrocarpum is a
cosmopolitan species and often dominates water masses characterised by
extreme seasonality (e.g. Dale, 1983) and high abundances are observed
within a substantial range of SST. In the NH regions, the species often
account for more than 50% of the assemblage within a SST gradient of
26 °C (Marret and Zonneveld, 2003). Species as Operculodinium centro-
carpum make it difficult to reconstruct SST precisely and should therefore
be excluded from the database. The restricted effect of SST on the
geographical distribution of Operculodinium centrocarpum is also reflected

by its contrasting concentrations in the NH high latitudes (>80%) (Marret
and Zonneveld, 2003) and the SH high latitudes (<1%) (Esper and
Zonneveld, 2002, 2007; Marret and de Vernal, 1997). The much higher
macronutrient concentration in the latter region (Garcia et al,, 2006b) is
probably the main cause for the absence ofthe taxon around Antarctica.
Including only dinoflagellate cysts with a narrow SST range or an obvious
preference for warmer or colder environments such as Bitectatodinium
spongium, Bitectatodinium tepikiense, Impagidinium pallidum, Islandinium
minutum, Lingulodinium machaerophorum, Polysphaeridium zoharyi, Sele-
nopemphix antarctica and Spiniferites elongatus does neither present a
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Table 6

Linear equations, correlations and RMSEs ofthe observed versus estimated SSSand SST (winter-summer) using the MAT with the SH350 database as training set. Results for the SE

Pacific surface samples and for all the SH350 sites, respectively.

Database Data wSST sSST wSSS sSSS
transformation . . . . . . . .
linear equation R2  RMSE linear equation R2  RMSE linear equation R2  RMSE linear equation R2  RMSE
SE Pacific Database %Abund 1.0097x4-0.1366  0.81 1.02  0.9557x4-1.0421 0.73 130 1.0116X-0.3477 0.42 0.41 1.2806X - 9.4463  0.89 0.65
(48 samples) log(%+ 1) 1.0246X- 0.0168  0.79 1.07  0.9496x4-1.1514 0.71 1.35 1.12x - 3.9692 041 0.42 1.3259X - 10.994  0.84 1.01
log((%xl0) - 1) 0.8522X+ 1.7613 0.59 148  0.7732x4-3.6044 0.54 1.71  0.5601x4-14.726 0.12 0.52 1.4531X - 15376 0.71 131
SEI Dinocyst database %Abund 0.9892x4-0.5812  0.93 1.74  0.9735x4-0.865 093 193  0.9772x4-0.8002 0.83 0.34 1.099X - 3.4474  0.83 0.44
(350 samples) log(% + 1) 0.994x4-0.8191 092 1.90 0.9555x4-1.2312 0.92 2.19 0.9835x4-0.5866 0.83 0.34  1.1123X-3.903 0.81 0.59
log((%xld)- 1) 0.9557x4-0.951 0.87 238  0.9402x4-1.4817 0.87 2.73  0.9873x4-0.4468 0.80 0.36 1.1645X - 5.7391 0.76 0.67

watertight solution for acceptable quantitative reconstructions. The
relative abundances of these taxa are in turn biased by the presence of
other species not depending on SST, again making it difficult to associate
the relative abundances ofcertain species with a specific SST value.
Gradual changes in the species composition resulted in a slight
shift of analogues between the early and late Holocene. However, at
average 95% of the analogues were selected within a 2.5° range
around ODP site 1233 during the Holocene (Fig. 12). This obviously
resulted in very limited MAT-based SST variations (13-14 °C), which
in this case correspond quite well with the alkenone records of Lamy
etal. (2002) and Kaiseretal. (2005) (14-16 °C). However, the shifts in
the assemblage composition during the Holocene were interpreted as
the result of variable nutrient supply by the ACC, river input and
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40°S

45°S
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Fig. 9. The division of the SE Pacific sites in five clusters, enclosing a restricted
geographical area.

seasonal upwelling, rather than SST changes (Verleye and Louwye,
2010). The relatively good fit between the present day MAT value and
the measured SST results only from the immediate vicinity of the
analogues with respect to ODP site 1233. The selection of analogues
nearby ODP site 1233 may give the impression that any environmen-
tal factor can be reconstructed, even if ecological unimportant. The
alkenone-based SST optima between 11.6 and 9.8 cal ka BP and
around 5 cal ka BP are totally absent in the MAT reconstruction, since
no other analogues were selected during these periods because
restricted SST changes did not influence the cyst composition at ODP
site 1233 during the Holocene. This makes it hazardous to quantify
SST variations based on dinoflagellate cyst assemblages without
considering the influence of other environmental parameters which
might be more important on a regional scale.

6. Conclusions

The dinoflagellate cyst analysis of surface sediments offshore Chile
(25-53°S) resulted in the identification of 55 taxa. In the studied area,
lateral transport of cysts appears negligible, but selective degradation
resulting from bacterial, chemical or mechanical decomposition could
not be entirely ruled out at each site. The observed spatial distribution
patterns oftaxa show an obvious dominance of autotrophs in oceanic
assemblages, while heterotrophic species dominate coastal assem-
blages. The CCAordination diagram and the analysis oftwo coast-ocean
transects support these observations. The cyst concentration decreases
with increasing distance from the shore. Samples with the highest cyst
concentrations are dominated by heterotrophic taxa and are located in
the active upwelling system offshore Concepcioén (35-37°S). Assem-
blages in the upwelling areas are dominated by Brigantedinium spp.,
Echinidinium aculeatum, Echinidinium granulatum/delicatum and cysts of

Table 7
Number ofanalogues selected within the same geographical cluster or within arange of
2.5° longitude/latitude in the SE Pacific.

Cluster Data Analog. Analog, within
transformation within cluster 2.5° range
(%) (%)
CLUSTER 1 %Abund 68.0 68.0
(5 samples) log(%+ 1) 60.0 60.0
Tog((%x10) + 1) 48.0 48.0
CLUSTER 2 %Abund 60.0 53.3
(6 samples) log(%+ 1) 60.0 53.3
Tog((%x10) + 1) 36.7 36.7
CLUSTER 3 %Abund 92.1 80.0
(28 samples) log(%+ 1) 92.1 79.3
Tog((%x10) + 1) 85.0 75.0
CLUSTER 4 %Abund 81.3 60.0
(15 samples) log(%+ 1) 82.7 58.7
Tog((%x10)+ 1) 73.3 57.3
CLUSTER 5 %Abund 32.0 24.0
(5 samples) log(% + 1) 32.0 24.0
Tog((%x10) + 1) 24.0 16.0
ALL CLUSTERS %Abund 74.6 62.9
(48 samples) log(% + 1) 74.2 61.7
Tog((%x10) + 1) 63.3 55.0
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aculeatum and Nematosphaeropsis labyrinthus. Transect 1 is visualised as a black line, transect 2 as a black dashed line.

Protoperidinium americanum. The best markers for the detection of available; this supports the results of Dale et al. (2002). Our results

active upwelling regions are Echinidinium aculeatum and Cyst type 11. highlight the importance of nutrient availability, rather than SSS and
The other protoperidinioids may also occur in high numbers in coastal SST, as the main environmental factor controlling the relative
areas outside upwelling cells on condition that sufficient nutrients are abundances ofheterotrophic taxa on a regional scale (SE Pacific).
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Fig. 11. Comparisons between cyst assemblages of sites characterised by similar SSS and SST, located randomly in the Southern Hemisphere.
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Fig. 12. Comparison between the alkenone-based SST reconstructions (Kaiser et al.,
2005; Lamy et al, 2002, 2007) and the quantitative SST reconstruction based on
dinoflagellate cysts using the MAT. The graph at the bottom represents the number of
analogues found within a 2.5° longitude/latitude range. Abbreviations: ACR, Antarctic
Cold Reversal; LGM, Last Glacial Maximum; T1 (I) and T1 (II), Termination 1 phase 1 and
Termination 1 phase 2, respectively.

The validation exercise of the MAT results in a clustering of the
analogues in the immediate vicinity of the sites for which hydro-
graphical parameters are estimated, an observation which supports
the findings of Telford (2006). Because the majority of the environ-
mental variables remain fairly unchanged within a restricted area,
almost any variable seems to be possible to reconstruct, regardless of
its ecological relevance. Therefore, the validation exercise gives no
information about the accuracy of the MAT results. SSS and SST
undoubtedly play a prominent role in determining the spatial distri-
bution of many dinoflagellate cyst taxa worldwide. Ona regional scale,
other hydrographical variables such as nutrient availability, water
depth, light regime and water stability, are equally or more important.
The extent to which a particular environmental variable plays a role in
the spatial distribution of particular taxa is often difficultto determine.
Therefore, the use of the MAT may result in strongly deviating suc-
cessive quantitative reconstructions, since MAT does not consider
interaction of different environmental variables.

Supplementary materials related to this article can be found online
at doi: 10.1016/j.palaeo,2010.10.006.
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Appendix A. Taxonomy and systematic palaecontology

Fifty-five species of organic-walled dinoflagellate cysts were
identified in 48 core-top samples offshore Chile. Appendix A presents
a list of the species recorded and a description of the morphotypes
under open nomenclature.

Division DINOFLAGELLATA (Biitschli, 1885) Fensome et al., 1993
Subdivision DINOKARYOTA Fensome et al., 1993

Class DINOPHYCEAE Pascher, 1914

Subclass GYMNODINIPHYCIDAE Fensome et al., 1993

Order GYMNODINIALES Apstein, 1909

Suborder GYMNODINIIDAE (autonym)

Family GYMNODINIACEAE (Bergh 1881) Lankester 1885

Genus Gymnodinium Stein, 1878

Gymnodinium nolleri Ellegaard and Moestrup, 1999

Family POLYKRIKACEAE Kofoid and Swezy, 1921
Genus Polykrikos Biitschli, 1873

Polykrikos kofoidii Chatton, 1914

Polykrikos schwartzii Biitschli, 1873

Subclass PERIDINIPHYCIDAE Fensome et al., 1993

Order PERIDINIALES Haeckel, 1894

Suborder PERIDINIINEAE (autonym)

Family PROTOPERIDINIACEAE Balech, 1988

Subfamily PROTOPERIDINIOIDEAE Balech, 1988

Genus Brigantedinium Reid, 1977

Brigantedinium cariacoense Wall, 1967 ex Lentin and Williams,
1993 (grouped with Brigantedinium spp.)

Brigantedinium simplex Wall, 1965 ex Lentin and Williams, 1993
(grouped with Brigantedinium spp.)

Genus Lejeunecysta Artzner and Dorhofer, 1978
Lejeunecysta spp.

Genus Protoperidinium (Bergh) Balech, 1974

Cyst form C Wall et al,, 1977 (grouped with Brigantedinium spp.)

Cyst of Protoperidinium americanum (Gran and Braarud, 1935)
Balech, 1974

Genus Quinquecuspis Harland, 1977
Quinquecuspis concreta (Reid, 1977) Harland, 1977

Genus Selenopemphix Benedek, 1972

Selenopemphix antarctica Marret and de Vernal, 1997

Selenopemphix nephroides (Benedek, 1972)

Benedek and Sarjeant, 1981

Selenopemphix quanta s.l. (Bradford, 1975) Matsuoka, 1985

Selenopemphix sp. 1 (Plate 1, Fig. 10)

Description. The brown cyst has a reniform to subcircular shape in
polar view. The epicyst is conical and the hypocyst has two rounded
horns. The cingulum, formed by two parallel ridges with undulating
margins, is deeply indented and wide (8-11 pm). The cyst wall is thin
(-0.3 pm) except at the apical boss and at the tips of the antapical
horns, where it thickens up to 0.9 pm. The cyst wall is shagreenate and
often linear striated. The archeopyle is simple (2a) and is offset to
the left of the dorsal midline. The maximum body diameter ranges
between 51 (64) 77.6 pm.

Genus Trinovantedinium Reid, 1977
Trinovantedinium applanatum (Bradford, 1977)
Bujak and Davies, 1983



338 TJ. Verleye, S. Louwye | Palaeogeography, Palaeoclimatology, Palaeoecology 298 (2010) 319-340

Trinovantedinium variabile (Bujak, 1984)
de Verteuil and Norris, 1992

Genus Votadinium Reid, 1977
Votadinium calvum Reid, 1977
Votadinium spinosum Reid, 1977

Subfamily PROTOPERIDINIOIDEAE Balech, 1988 or DIPLOPSA-
LIOIDEAE Balech, 1988

Genus Echinidinium Zonneveld, 1997 ex Head et al., 2001

Echinidinium aculeatum Zonneveld, 1997

Echinidinium delicatum Zonneveld, 1997 (grouped with
Echinidinium granulatum/delicatum)

Echinidinium granulatum Zonneveld, 1997 (grouped with
Echinidinium granulatum/delicatum)

Echinidinium karaense Head, 2001

?Echinidinium transparantum Zonneveld, 1997

?Echinidinium zonneveldiae Zonneveld, 1997

Echinidinium sp. 3

Description. This species occurs only in very low abundances at 3
sites. The spherical cyst with a diameter of-25 pm has a pale brown
colour and bears short, solid spines between 2 and 3 pm long. The
single layered wall is very thin.

Echinidinium sp. 4 (Plate 1, Fig. 6)

Description. This species is very abundant in the SE Pacific. Its
relative abundances vary between 0 and 14%. The pale brown cyst is
spherical with a diameter generally ranging from 25 to 33 pm, and is
ornamented with long hollow spines with a length between 6 and
9 pm. The wall is thin and single layered.

Echinidinium sp. 6 (Verleye and Louwye, 2010, Supplementary
Data Fig. si, Plate Fig. 9)

Description. Echinidinium sp. 6 was observed in low abundances
(<2%) in approximately one third of the samples. This pale brown
spherical cyst has a diameter ranging from 30 to 35 pm. The slender
spines are apiculocavate with acuminate tips, varying between 6 and
9 pm in length.

Subfamily DIPLOPSALIOIDEAE Abé¢, 1981
Genus Dubridinium Reid, 1977
Dubridinium caperatum Reid, 1977

Family PERIDINIACEAE Ehrenberg, 1831

Subfamily uncertain

Genus Pentapharsodinium Indelicato and Loeblich III, 1986
Pentapharsodinium dalei Indelicato and Loeblich III, 1986

Order GONYAULACALES Taylor, 1980

Suborder GONYAULACINEAE (autonym)

Family GONYAULACACEAE Lindemann, 1928

Subfamily CRIBROPERIDINIOIDEAE

Genus Operculodinium Wall, 1967

Operculodinium centrocarpum sensu Wall and Dale, 1966

Operculodinium israelianum (Rossignol, 1962) Wall, 1967
(short processes)

Subfamily GONYAULACOIDEAE (autonym)
Genus Achomosphaera Evitt, 1963
Achomosphaera spp.

Genus Bitectatodinium Wilson, 1973

?Bitectatodinium spongium (Zonneveld, 1997) Zonneveld and
Jurkschat, 1999

Bitectatodinium tepikiense Wilson, 1973

Genus Dalella McMinn and Sun, 1994
Dalella chathamensis McMinn and Sun, 1994

Genus Impagidinium Stover and Evitt, 1978

Impagidinium aculeatum Zonneveld, 1997

Impagidinium cantabrigiense De Schepper and Head, 2008

Impagidinium japonicum Matsuoka, 1983

Impagidinium pallidum Bujak, 1984

Impagidinium paradoxum (Wall, 1967) Stover and Evitt, 1978

Impagidinium patulum (Wall, 1967) Stover and Evitt, 1978

Impagidinium plicatum Versteegh and Zevenboom, 1981

Impagidinium sphaericum (Wall, 1967) Lentin and Williams, 1981

Impagidinium strialatum (Wall, 1967) Stover and Evitt, 1978

Impagidinium sp. 1 (Plate 1, Figs. 7-9)

Description. This species was only recorded sporadically in the SE
Pacific. The cyst (40-48 pm) has an ovoidal central body with an apical
protuberance and a finely microgranular surface (Plate 1, Figs. 7-9). The
sutural crests express tabulation but are absent in the sulcal area
(Plate 1, Fig. 8). The height of the crests is more or less constant. This
species is most similar to Impagidinium paradoxum (cyst diameter: 28-
31 pm), but can easy be distinguished by its larger size.

Genus Nematosphaeropsis Deflandre and Cookson, 1955
Nematosphaeropsis labyrinthus (Ostenfeld, 1903) Reid, 1974

Genus Spiniferites Mantell, 1850

Spiniferites mirabilis (Rossignol, 1967) Sarjeant, 1970

Spiniferites ramosus (Ehrenberg, 1838) Mantell, 1854

Spiniferites sp. 1 (Verleye and Louwye, 2010, Supplementary Data
Fig. si, Plate Figs. 16-17)

Remarles. Only two poorly preserved specimens were recorded in
the top sample of ODP Site 1233. Cystbody is ovoid to round. The cyst
is characterised by a large membrane between the processes, but the
position ofthe membrane could not be determined due to the poorly
preserved specimens.

Spiniferites sp. 2

Remarles. Because ofthe poor preservation ofthe cyst, no description
is possible. Possibly, it might be the same species as Spiniferites sp. 1, but
the preservational state is too poor to confirm this.

Spiniferites sp. 4 (Verleye and Louwye, 2010, Supplementary Data
Fig. si, Plate Fig. 20)

Description. Spiniferites sp. 4 has a central body diameter of
-32 pm. The most prominent character of this species is the typical
morphology of the processes. The processes have very broad bases,
narrow upwards and trifurcate distally into long process ends, which
on their turn have small recurved bifurcate tips.

Spiniferites sp. 5 (Plate Fig. 11)

Description. Spiniferites sp. 5 is a spherical cyst and has a micro-
granular surface. Sutural crests express tabulation, however, they are
often not well preserved. Processes are always broken.

Subfamily uncertain

Genus Pyxidinopsis Habib, 1976

Pyxidinopsis reticulata (McMinn and Sun, 1994) Marret and
de Vernal, 1997

Other undescribed dinoflagellate cysts

cf. Achomosphaera/Spiniferites (gonyaulacoid) (Verleye and Louwye,
2010, Supplementary Data Fig. si, Plate Fig. 4)

Dinocyst sp. A (protoperidinioid) (Plate 1, Figs. 2-3)

Dinocyst sp. D (unknown) (Plate 1, Figs. 4-5)
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