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The study investigates the morphological variability of the dinoflagellate cyst Operculodinium centrocarpum
(resting cyst of Protoceratium reticulatum) in core-top samples distributed over the Southern Hemisphere
and the tropics in relation to sea-surface temperature (SST) and sea-surface salinity (SSS) at the correspond-
ing sites. The process lengths show a moderate inverse relationship to summer SST (sSST) (R²=0.44) and
sSSS/sSST (R²=0.4), however, lateral transport of cysts probably produced noise in the plots. After excluding
tropical and Southern Hemisphere sites considered to have been affected by long distance lateral transport,
the relationship between process length and density follows the equation sD=0.8422x+1016.9
(R²=0.55) with a Root Mean Square Error=0.63 kg m−3, while the negative correlation with sSST increases
up to R²=0.79. Next to salinity, this study thus highlights the importance of a second factor, temperature,
affecting process length in the topics and the Southern Hemisphere oceans.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Abrupt climate changes during the last glacial cycle have been
linked to the thermohaline circulation (THC) mode shifts (Broecker
et al., 1985; 1990; Rahmstorf, 2002). The circulation mode depends
on density variations in the area of North Atlantic Deep Water
(NADW) formation (Broecker et al., 1990). Surface density changes
in the North Atlantic are caused by a varying supply of high saline
equatorial water and by the amount of fresh water input from melt-
ing high-latitude ice caps. It has been demonstrated that the strength
of the THC is also influenced by changes in SSS in the tropical Atlantic
(Stocker and Wright, 1991; Rahmstorf, 1996; Schmittner and
Clement, 2002; Schmidt et al., 2004) and even related with density
variations of Antarctic Intermediate Water regulated by the fresh-
water input in the Southern Ocean (Weaver et al., 2003). Determining

past salinity changes of ocean surface waters therefore is essential for
understanding past climate variations.

Different methods have been proposed to quantify past salinity
changes, for example, the dinoflagellate cyst based transfer function
approaches (de Vernal et al., 1993; 1994), δ

18
O of foraminifer shells

in combination with an independent estimate of SST (e.g., Duplessy
et al., 1991; Rostek et al., 1993; Wang et al., 1995; Lamy et al., 2002;
Nürnberg and Groeneveld, 2006; De Schepper et al., 2009), foraminif-
eral Ba/Ca (Weldeab et al., 2007), alkenones (e.g., Blanz et al., 2005)
and δD in long-chain (C25–C37) n-alkanes (e.g., Schouten et al.,
2006; van der Meer et al., 2007; 2008). However, most of the afore-
mentioned methods have to deal with large uncertainties in the
reconstructed values (e.g., Rohling and Bigg, 1998; Schmidt, 1999;
Rohling, 2000; Bendle et al., 2005; Nürnberg and Groeneveld, 2006;
Telford, 2006). The absence of an unequivocal approach points to
the need of further investigation into reliable palaeosalinity proxies.

A number of studies have demonstrated an environmentally
controlled morphological variability of certain dinoflagellate cysts. A
positive relation between variable process lengths of Lingulodinium
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machaerophorum – the resting cyst of Lingulodinium polyedrum – and
salinity was first noted in the Black Sea by Wall et al. (1973). Cysts
bearing short processes have been associated with low salinity
near-coastal and estuarine environments (Nehring, 1994; Dale,
1996; Nehring, 1997; Ellegaard, 1998) and were used semi-
quantitatively in the Black Sea (Dale, 1996; Mudie et al., 2001;
Marret et al., 2009), the Baltic Sea (Dale, 1996; Brenner, 2005; Head,
2007) and the Limfjord (NW Denmark) (Ellegaard, 2000), and for
down-core salinity reconstructions in the SW Black Sea (Verleye et
al., 2009) and the Cariaco Basin (Mertens et al., 2009a). Culture ex-
periments by Hallett (1999) showed a relationship between the aver-
age process lengths of L. machaerophorum and both salinity (positive)
and temperature (negative), which was later confirmed by Mertens
et al. (2009b) after analysing 144 globally distributed core-top sam-
ples. Several other dinoflagellate cyst species also have been recorded
bearing shorter processes with reduced salinity conditions. These
species include Operculodinium centrocarpum (resting cyst of Proto-
ceratium reticulatum) (e.g., Nehring, 1994; Dale, 1996; Nehring,
1997; Ellegaard, 1998), cysts of Pentapharsodinium dalei (Nehring,
1994; 1997) and several Spiniferites species (Wall et al., 1973;
Gundersen, 1988; Dale, 1996; Lewis et al., 1999; Ellegaard et al.,
2002). Because of its cosmopolitan occurrence (Wall et al., 1977;
Marret and Zonneveld, 2003) and its biostratigraphical range down
to the Eocene (Head, 1996), O. centrocarpum seems to be the most
suitable cyst for determining past SSS changes. So far, this species
has been semi-quantitatively related to fluctuations in SSS by de
Vernal et al. (1989), Dale (1996), Ellegaard (2000), Brenner (2005)
and Head (2007), and for down-core summer SSS reconstructions in
Limfjord (Mertens et al., 2010). Similar to the studies of Hallett
(1999) andMertens et al. (2009b) for L. machaerophorum, the average
process lengths of O. centrocarpum in a late Quaternary down-core
record in the SE Pacific suggested a relationship with both salinity
(positive) and temperature (negative) (Verleye and Louwye, 2010a).

This study aims to elucidate the relationship between temper-
ature and salinity variations and the average process lengths of

O. centrocarpum, in order to assess its potential as a proxy for past en-
vironmental changes in terms of salinity, temperature or density. For
that purpose, process lengths in 83 Southern Hemisphere core-top
samples were measured and coupled to modern instrumental tem-
perature and salinity data in the surface waters to suggest a possible
relationship.

2. Material and methods

2.1. Location, preparation and microscopic analyses of core-top samples

A total of 114 core-top samples were analysed for biometric mea-
surements of O. centrocarpum cysts from New Zealand (Sun and
McMinn, 1994; McMinn and Wells, 1997), Tasmania (Dale, unpub-
lished), South Australia (Dale, pers. comm.), Indian Ocean (Abidi,
1997; Young, 2005), South and equatorial Atlantic (Rau et al., 2006;
Dale, pers. comm.; Zonneveld, pers. comm.), and the SE Pacific
(Verleye and Louwye, 2010b) (Fig. 1; Table 1). As far as available, sed-
imentation rates between 4 cm kyr−1 (McMinn andWells, 1997) and
300 cm kyr−1 (offshore Chile; Lamy et al., 2004; Kaiser et al., 2005;
Lamy et al., 2007) are observed at the studied sites. All surface sam-
ples may therefore be at least of Holocene age, if not modern. It is
thus assumed here that the environmental conditions affecting the
morphological variability of the cysts are similar to recent environ-
mental conditions.

The palynological methods used to extract cysts from the sedi-
ment all involved treatments with cold hydrochloric (HCl) and
hydrofluoric (HF) acids, followed by sieving and/or sonication.

O. centrocarpum measurements in samples from Abidi (1997),
Verleye and Louwye (2010b), Dale (pers. comm.) and Zonneveld
(pers. comm.) were performed using a Zeiss AxioImager.1A and
Zeiss Axioskop2 light microscopes, both equipped with a AxioCam
MRc5 digital camera and 100× oil immersion objectives. The biomet-
ric analyses of the samples from Sun and McMinn (1994), McMinn
and Wells (1997) and Rau et al. (2006) were made using an Olympus

Fig. 1. Locations of the 114 studied core-top sites. Blue dots: samples included into the reduced database in which enough cysts were measured to give reproducible results. Green
dots: not included into the reduced database, not enough cysts measured to be reproducible. The numbers on the chart refer to different regions: (1) SE Pacific Ocean; (2) SW
Atlantic Ocean; (3) West Indian Ocean; (4) East Indian Ocean (NW Australia); (5) New Zealand and Tasmania (South Australia). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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BH-2 light microscope, equipped with a Color View II (Cell F Software
Imaging System) and 100× oil immersion objectives. The East Indian
Ocean core-top samples (Young, 2005) were analysed using an
Olympus BH-2 microscope with 100× oil immersion objectives.
All photomicrographs were made using a Zeiss AxioImager.A1
light microscope equipped with an AxioCam MRc5 digital camera
(AxioVision 4.6 software) and Zeiss EC Plan-NEOFLUAR 100× oil
immersion objectives (Plate 1). Measurements were made by T.J.
Verleye, K.N. Mertens and M.D. Young (Table 1). The length of each
process was measured from themiddle of the process base to the pro-
cess tip (Plate 2, figs. 11 and 12). Fragments representing less than
half of a cyst were not measured, nor were cysts with mostly broken
processes (Plate 2, fig. 8). For each cyst, the three longest processes
parallel to the focal plane of the light microscope were measured.
Three reasons can be advanced for choosing the three longest pro-
cesses (Mertens et al., 2009b). Firstly, the longest processes reflect
unobstructed growth during cyst formation. Secondly, the accuracy
of the proxy increases since the longest processes document the
largest variation. Thirdly, only a restricted number of processes are
measurable or are parallel to the focal plane of the light microscope,
which makes it imperative to follow a consistent approach.

When less than 10 cysts per sample were available for measure-
ment, the sample was excluded from the database because the results
are considered not reproducible. When between 10 and 20 cysts were
measured, samples were excluded if the standard deviation was
>1 μm, and included when the standard deviation was b1 μm. We
consider this cut-off value of 1 μm as acceptable, because values
were then comparable to other samples where more processes were
measured. Samples in which more than 20 cysts/sample were mea-
sured were included in our dataset, and resulted in a reduced dataset
of 83 samples (Fig. 2; Table 1). Measuring 20 cysts or more yields re-
producible results according to Verleye and Louwye (2010b), who
compared two independent measurements (on different cysts) in an
ad random chosen sample.

Cyst body diameters were measured in 41 of the 83 samples.
Thirty-three samples were measured by T.J. Verleye and 8 by K.N.
Mertens. The central body diameter could not be measured on each
specimen because cysts were sometimes severely crumpled or torn
(Plate 2, figs. 4–7). Because considerable deformation of the cyst
body may have occurred prior to measuring, prudence is recom-
mended while interpreting these data.

2.2. Salinity and temperature data

The biometric measurements on O. centrocarpum cysts were com-
pared with the recent seasonal and annual sea-surface temperature
(SST), sea-surface salinity (SSS), SSS/SST ratio and sea-surface water
density. The oceanographical parameters were obtained using the
gridded one-degree World Ocean Atlas 2009 (NODC, 2009) and the
Ocean Data View software (Schlitzer, 2010). Annual SST from the
dataset (see Section 3.2) ranges between 8 and 29 °C (Δ21 °C),
while SST during summer (sSST) varies between 10 and 29 °C
(Δ19 °C) (Locarnini et al., 2010). The SSS variations are less promi-
nent, annually ranging from 32.4 to 36.2 psu (Δ3.8 psu) and from
31.7 to 36.4 psu (Δ4.7 psu) during summer (January–March for the
Southern Hemisphere sites) (Antonov et al., 2010).

3. Results

3.1. Process length variation in core-top samples

In the reduced database, a total of 9,936 O. centrocarpum processes
length measurements gave an average of 8.8 μm, with a standard de-
viation of 1.7 μm, and a range from 3.2 to 16.3 μm. The 2th and 98th
percentiles correspond with a process length of 5.5 μm and 12.4 μm,
respectively. The observed range is comparable to the ranges

reported by Wall and Dale (1968) for Atlantic specimens (6 to
16 μm), Reid (1974) for coastal cysts from the British Isles (7 to
14 μm) and Mertens et al. (2010) for Baltic specimens (0.5 to
13.5 μm). The distribution is slightly skewed to the right (0.18) due
to tailing at the right side of the size-frequency curve, and approaches
a mesokurtic distribution with a kurtosis of −0.07 (Fig. 3a). The
recorded morphotypes were similar to those described by Matsuoka
et al. (1997), Nehring (1997), Ellegaard (2000), Head (2007) and
Mertens et al. (2010). No cysts lacking processes such as those
recorded in the Baltic Sea (Mertens et al., 2010) were observed in
the core-top samples.

The cyst body diameters of 1587 specimens were measured,
which resulted in an average 40 μm with a standard deviation of
5.2 μm. The cyst body sizes range from 26 to 61 μm. This large range
may be explained through compression or tearing of the cyst. When
ignoring the 2% largest and smallest cysts, the size range is almost
halved from 35 μm to 21 μm, corresponding to cyst body sizes be-
tween 31 μm (2th percentile) and 52 μm (98th percentile). This
range is comparable to O. centrocarpum cyst body measurements by
Nehring (1997) for the German coast (31–44 μm), Reid (1974) for
the British coast (33–46 μm), Matsuoka (1990) for the Pacific
(28–50 μm) and Mertens et al. (2010) for the Baltic Sea (23–62 μm).
The size-frequency curve is skewed to the right (0.50). This is most
likely caused by mechanical deformation of the cysts often resulting
in larger cyst diameters (Fig. 3b). The histogram has a positive
kurtosis of 0.34, assuming a rather leptokurtic distribution.

3.2. Regional correlations between parameters

In the SE Pacific, a significant positive relationship is observed
between the average process length and summer SSS/summer SST
(sSSS/sSST) (R²=0.74) and summer density (R²=0.73), while a neg-
ative relationship is recorded with summer SST (sSST) (R²=0.65)
(Table 2). No significant relationship is observed with summer SSS
(sSSS). The SW Atlantic data show a positive relationship with both
sSSS (R²=0.76) and sSST (R²=0.51) (Table 2). Regional data from
the East and West Indian Ocean and from Australia and New Zealand
show no significant relationship between process length variation
and sSSS, sSST, sSSS/sSST and summer density.

3.3. Correlation between environmental parameters and process length
from all Southern Hemisphere and tropical sites

The combination of the Southern Hemisphere and tropical sites
into one database results in a moderate relationship between process
length and sSST (R²=0.44) and sSSS/sSST (R²=0.4) (Fig. 4a and c). A
weak relationship is observedwith sSSS (R²=0.26) and summer den-
sity (R²=0.24) (Fig. 4b and d). The body diameter of the cysts shows
a moderate relationship with the recorded process lengths of
R²=0.50, but shows no relationship at all with any of the environ-
mental parameters of interest (R²=0.03 for sSSS and R²=0 for
sSST, sSSS/sSST and summer density) (Table 3).

4. Discussion

4.1. Transport and preservation

Dinoflagellate cysts may be transported over long distances away
from the original environment where they were formed, by moving
water masses and shedding of sediment from the continental mar-
gins. This could seriously challenge the validity of assuming a direct
relationship between cysts in bottom sediments and prevailing envi-
ronmental conditions in the immediately overlying surface waters,
particularly at deeper water oceanic sites (Dale and Dale, 1992;
Dale, 1996). It is therefore important to consider the extent to
which this may have affected the samples used here. The reduced
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Table 1
An overview of the reduced dataset, including their geographical position, the abundances of O. centrocarpum, the sample providers, the biometric results and the environmental parameters of interest.

ID Station/slide Sampling
gear*

Lat. Long. Depth
(m)

%Ocen Reference Process length
(μm)

Stdev Body diameter
(μm)

Stdev Cysts
measured

Measurer** sSST
(0 m)

sSSS
(0 m)

sSSS/sSST
(0 m)

sDensity
(0 m)

1 89K BC −11.73 47.43 3800 10.2 Abidi (1997) 7.90 0.83 36.0 4.4 12 T 28.7 34.9 1.22 1022.09
2 900939 BC −5.57 61.63 3860 1.5 Abidi (1997) 6.86 0.63 34.8 3.3 25 T 28.6 34.9 1.22 1022.10
3 85682 BC 10.88 52.38 3092 0.6 Abidi (1997) 7.21 1.00 35.3 4.8 20 T 23.7 35.5 1.50 1024.15
4 77195 BC 11.50 74.53 1426 7.0 Abidi (1997) 7.25 0.90 35.6 3.6 42 T 27.7 34.5 1.25 1022.15
5 76136 BC 11.87 46.82 1649 1.3 Abidi (1997) 7.10 0.85 35.2 3.1 40 T 29.3 36.4 1.24 1023.04
6 14107 BC 11.85 46.75 1608 1.4 Abidi (1997) 7.13 1.03 35.1 2.8 22 T 29.3 36.4 1.24 1023.05
7 14105 BC 14.30 51.00 2120 0.9 Abidi (1997) 6.85 0.71 34.1 3.5 19 T 27.2 36.0 1.32 1023.41
8 3488 BC 16.52 59.53 2120 1.7 Abidi (1997) 7.29 0.85 37.0 2.7 10 T 25.8 36.0 1.40 1023.89
9 AR10(1) GC −38.33 −57.05 81 89.0 Dale (pers. comm.) 8.79 1.09 39.4 3.8 50 T 17.6 33.1 1.88 1023.88
10 AR11(2) GC −38.93 −57.92 66 92.0 Dale (pers. comm.) 8.57 1.18 40.3 4.4 50 T 17.3 33.3 1.92 1024.11
11 AR18(1) GC −40.65 −59.42 84 32.0 Dale (pers. comm.) 8.63 1.37 43.8 2.1 25 T 17.1 33.3 1.95 1024.21
12 AR26(1) GC −40.65 −60.45 59 14.0 Dale (pers. comm.) 8.73 1.09 41.0 3.3 50 T 17.9 33.2 1.85 1023.92
13 AR28(1) GC −41.72 −64.05 102 90.0 Dale (pers. comm.) 8.98 1.13 40.3 3.4 50 T 20.0 33.9 1.69 1023.90
14 AR31(1) GC −42.60 −62.27 82 78.0 Dale (pers. comm.) 8.88 0.87 41.0 3.8 50 T 17.3 33.5 1.94 1024.30
15 AR36(1) GC −48.13 −63.18 137 80.0 Dale (pers. comm.) 8.56 1.11 41.4 3.8 45 T 12.1 33.6 2.78 1025.47
16 AR39(1) GC −52.93 −67.32 73 23.0 Dale (pers. comm.) 9.19 1.55 37.7 3.8 50 T 10.2 33.0 3.23 1025.36
17 AR4(1) GC −36.10 −53.52 140 80.0 Dale (pers. comm.) 8.72 1.31 43.4 4.4 50 T 21.3 33.0 1.55 1022.88
18 AR7(1) GC −37.55 −56.20 73 92.0 Dale (pers. comm.) 8.55 1.16 42.6 3.3 50 T 18.8 31.7 1.68 1022.57
19 NZ1(1) SS −43.62 172.75 − 59.0 Dale (pers. comm.) 9.97 1.24 40.3 4.7 50 T 14.9 34.5 2.31 1025.62
20 NZ10(2) SS −41.50 174.73 − 50.0 Dale (pers. comm.) 9.62 1.06 40.4 3.0 50 T 16.9 34.9 2.07 1025.46
21 NZ6(2+3) SS −46.53 168.45 − 56.0 Dale (pers. comm.) 9.69 1.10 40.0 3.4 50 T 12.8 34.6 2.70 1026.11
22 TA1(2) GC −43.12 147.05 21 82.0 Dale (pers. comm.) 9.05 1.05 39.3 4.5 50 T 16.5 35.1 2.13 1025.74
23 TA2(1) GC −43.00 147.12 14 87.0 Dale (pers. comm.) 8.98 0.91 38.9 3.2 50 T 16.5 35.1 2.13 1025.74
24 TA3(2) GC −42.72 147.37 8 82.0 Dale (pers. comm.) 8.70 0.98 38.4 2.6 50 T 16.7 35.2 2.11 1025.77
25 TA6(2) GC −41.22 148.28 8 50.0 Dale (pers. comm.) 9.01 0.91 38.7 3.8 50 T 17.6 35.4 2.01 1025.66
26 6202-4 MC −29.08 −47.17 1493 83.3 Zonneveld (pers. comm.) 10.09 1.80 45.6 4.5 50 K 25.6 36.3 1.42 1024.17
27 6223-3 MC −35.73 −49.68 4280 55.9 Zonneveld (pers. comm.) 9.65 1.45 39.1 4.3 50 K 22.6 35.3 1.56 1024.30
28 GeoB6201 MC −26.67 −46.43 473 74.5 Zonneveld (pers. comm.) 9.89 1.33 - - 50 T 26.0 35.8 1.38 1023.65
29 GeoB6203 MC −28.83 −47.30 1001 83.3 Zonneveld (pers. comm.) 9.87 1.35 45.4 5.9 50 T 25.9 36.3 1.40 1024.03
30 GeoB6207 MC −30.63 −46.32 3202 84.0 Zonneveld (pers. comm.) 10.11 1.42 45.3 6.4 50 T 24.8 36.4 1.47 1024.45
31 GeoB6211 MC −32.50 −50.25 654 80.3 Zonneveld (pers. comm.) 9.81 1.15 42.8 4.1 50 T 24.3 34.6 1.42 1023.23
32 GeoB6213 MC −33.17 −49.57 1494 77.6 Zonneveld (pers. comm.) 9.63 1.22 45.1 4.4 21 T 23.8 35.3 1.49 1023.97
33 GeoB6216 MC −34.62 −51.23 2032 71.7 Zonneveld (pers. comm.) 9.23 1.42 43.2 5.1 50 T 23.1 34.4 1.49 1023.41
34 GeoB6221 MC −33.55 −49.22 3038 80.6 Zonneveld (pers. comm.) 9.56 1.53 46.7 4.8 50 T 23.7 35.5 1.50 1024.10
35 GeoB6311 MC −38.82 −54.63 996 78.5 Zonneveld (pers. comm.) 9.55 1.14 44.0 4.5 50 T 18.5 33.3 1.81 1023.89
36 GeoB6317 MC −40.08 −54.60 3115 16.9 Zonneveld (pers. comm.) 9.46 1.15 41.5 4.9 50 T 17.2 33.9 1.96 1024.58
37 MD962084 10 cm PC −31.45 15.31 1084 N/A Rau et al. (2006) 9.97 1.44 41.5 5.4 50 K 19.1 35.3 1.84 1025.18
38 F749 Dredge −44.02 175.43 1427 33.3 Sun and McMinn (1994) 9.01 1.48 36.3 3.1 50 K 15.1 34.6 2.29 1025.64
39 G133 Dredge −43.08 176.75 393 49.3 Sun and McMinn (1994) 9.11 1.49 37.1 4.3 50 K 16.0 34.8 2.17 1025.58
40 H551 GC −46.12 179.15 3632 20.5 Sun and McMinn (1994) 9.01 1.46 35.4 3.5 50 K 13.8 34.4 2.48 1025.72
41 J1007 GC −42.33 179.00 2276 26.0 Sun and McMinn (1994) 9.07 1.27 37.2 3.5 50 K 17.1 35.0 2.05 1025.50
42 S036-75L 0–2 cm PC −42.18 144.37 1085 11.5 McMinn and Wells (1997) 9.12 1.64 36.5 4.2 41 K 15.0 34.9 2.33 1025.89
43 ODP1232 (1,2) PC −39.88 −75.90 4075 2.3 Verleye and Louwye (2010b) 9.62 1.31 - - 20 T 16.6 33.6 2.03 1024.58
44 ODP1233 PC −41.00 −74.45 844 1.2 Verleye and Louwye (2010b) 9.30 1.64 - - 30 T 15.6 33.4 2.14 1024.61
45 FD75-3-04 (2) GC −27.47 −71.93 6154 25.6 Verleye and Louwye (2010b) 9.22 1.52 - - 33 T 19.3 34.6 1.79 1024.63
46 M8011-4 (2,3) PC −42.11 −75.59 3847 7.3 Verleye and Louwye (2010b) 9.63 1.63 - - 48 T 15.5 33.4 2.16 1024.63
47 M8011-5 GC −42.07 −75.45 3854 3.3 Verleye and Louwye (2010b) 9.67 1.62 - - 50 T 15.5 33.4 2.16 1024.62
48 M8011-7 PC −42.07 −75.74 3819 2.6 Verleye and Louwye (2010b) 9.33 1.29 - - 50 T 15.5 33.4 2.15 1024.63
49 M8011-8 (2) PC −42.04 −75.81 3810 2.9 Verleye and Louwye (2010b) 9.57 1.31 - - 50 T 15.6 33.4 2.15 1024.63
50 M8011-9 PC −41.97 −75.68 3819 7.1 Verleye and Louwye (2010b) 9.77 1.51 - - 49 T 15.6 33.4 2.14 1024.63
51 M8011-10 (2) GC −42.08 −75.54 3850 4.6 Verleye and Louwye (2010b) 9.57 1.65 - - 50 T 15.5 33.4 2.16 1024.63
52 M8011-11 GC −40.48 −75.24 4101 4.2 Verleye and Louwye (2010b) 9.77 1.65 - - 50 T 16.1 33.5 2.08 1024.61
53 M8011-12 PC −40.50 −75.15 4137 2.3 Verleye and Louwye (2010b) 9.36 1.19 - - 46 T 16.1 33.5 2.09 1024.61
54 M8011-13 (2,3) PC −39.66 −75.17 4413 2.6 Verleye and Louwye (2010b) 8.82 1.54 - - 20 T 16.4 33.6 2.05 1024.58
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55 M8011-15 GC −39.67 −75.25 4219 1.6 Verleye and Louwye (2010b) 9.01 1.56 - - 50 T 16.4 33.6 2.04 1024.58
56 RR9702A-01 MC −50.65 −76.96 3964 8.2 Verleye and Louwye (2010b) 11.18 1.51 - - 45 T 10.8 33.5 3.09 1025.62
57 RR9702A-06 MC −46.88 −76.60 3298 7.8 Verleye and Louwye (2010b) 10.25 1.74 - - 50 T 13.2 33.3 2.52 1025.06
58 RR9702A-08 MC −46.35 −76.67 3014 2.6 Verleye and Louwye (2010b) 10.21 1.46 - - 50 T 13.4 33.3 2.49 1024.99
59 RR9702A-10 MC −46.32 −76.54 2879 3.9 Verleye and Louwye (2010b) 9.86 1.44 - - 50 T 13.4 33.3 2.49 1024.98
60 RR9702A-12 MC −43.42 −76.25 3523 5.6 Verleye and Louwye (2010b) 9.35 1.60 - - 34 T 14.9 33.2 2.23 1024.63
61 RR9702A-14 MC −43.54 −76.48 3471 6.2 Verleye and Louwye (2010b) 9.93 1.62 - - 34 T 14.9 33.2 2.23 1024.65
62 RR9702A-20 (2) MC −39.97 −74.47 1055 1.0 Verleye and Louwye (2010b) 9.26 2.03 - - 21 T 16.1 33.5 2.09 1024.61
63 FR10/95 - GC-27 GC −30.50 114.28 843 32.6 Young (2005) 7.64 0.89 - - 50 M 22.5 35.7 1.59 1024.60
64 FR10/95–GC-24 GC −28.75 113.06 1577 39.0 Young (2005) 7.27 0.86 - - 50 M 23.1 35.6 1.54 1024.38
65 FR2/96–GC-7 GC −26.98 111.34 3090 50.0 Young (2005) 7.48 0.65 - - 50 M 23.6 35.5 1.50 1024.13
66 FR10/95–GC-20 GC −24.74 111.83 841 35.8 Young (2005) 6.73 0.84 - - 48 M 24.9 35.3 1.42 1023.60
67 FR2/96–GC-6 GC −28.42 112.29 3575 39.4 Young (2005) 5.98 0.80 - - 41 M 23.0 35.6 1.55 1024.39
68 FR10/95–GC-23 GC −28.75 112.78 2470 31.7 Young (2005) 6.93 0.89 - - 39 M 23.1 35.6 1.54 1024.39
69 FR2/96–GC-3 GC −29.30 112.94 3343 39.8 Young (2005) 6.89 0.85 - - 39 M 22.6 35.7 1.58 1024.55
70 FR10/95–GC-26 GC −29.24 113.56 1738 36.9 Young (2005) 6.72 1.05 - - 38 M 22.7 35.7 1.57 1024.53
71 FR2/96–GC-5 GC −28.39 113.16 735 29.7 Young (2005) 6.89 1.21 - - 38 M 23.2 35.6 1.54 1024.36
72 FR2/96–GC-1 GC −31.11 114.55 2530 34.0 Young (2005) 7.50 0.88 - - 36 M 22.0 35.7 1.62 1024.75
73 FR2/96–GC-4 GC −28.72 113.39 936 33.7 Young (2005) 6.40 0.89 - - 33 M 23.2 35.6 1.54 1024.36
74 FR2/96–GC-2 GC −29.35 112.95 3370 31.0 Young (2005) 6.64 0.81 - - 31 M 22.6 35.7 1.58 1024.55
75 FR10/95–GC-25 GC −28.73 113.37 1010 29.7 Young (2005) 6.72 0.78 - - 30 M 23.2 35.6 1.54 1024.36
76 FR2/96–GC-29 GC −18.96 116.39 344 24.7 Young (2005) 7.11 1.15 - - 23 M 28.5 35.0 1.23 1022.24
77 FR10/95–GC-18 GC −22.99 112.83 1055 22.7 Young (2005) 7.03 0.98 - - 22 M 25.7 35.2 1.37 1023.26
78 FR2/96–GC-28 GC −18.80 116.34 502 19.2 Young (2005) 6.81 0.47 - - 19 M 28.5 35.0 1.23 1022.22
79 FR10/95–GC-29 GC −30.99 114.59 1220 26.1 Young (2005) 7.58 0.68 - - 18 M 22.2 35.7 1.61 1024.69
80 FR10/95–GC-17 GC −22.13 113.50 1093 16.0 Young (2005) 6.39 0.60 - - 15 M 26.7 35.1 1.32 1022.92
81 FR10/95–GC-21 GC −26.00 111.63 982 9.5 Young (2005) 7.76 0.94 - - 15 M 24.1 35.4 1.47 1023.93
82 FR2/96–GC-27 GC −18.56 116.27 1024 12.5 Young (2005) 7.14 0.60 - - 13 M 28.5 35.0 1.23 1022.22
83 FR10/95–GC-12 GC −18.25 114.99 2034 19.0 Young (2005) 7.54 0.71 - - 12 M 28.2 35.0 1.24 1022.28

⁎BC, Box Core; GC, Gravity Core; MC, Multicore; PC, Piston Core; SS, Sediment Sucker.
⁎⁎T, Thomas J. Verleye; K, Kenneth N. Mertens; M, Marty D. Young.

Table 1 (continued)
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database contains samples from the SE Pacific, the SW and SE Atlantic,
the East and West Indian Ocean, from offshore New Zealand and from
the Tasmanian coast (Fig. 2).

Verleye and Louwye (2010b) observed a good fit between cyst
assemblages and the oceanographical boundaries in the SE Pacific
(25–53°S) (Fig. 2), and therefore assume only negligible lateral trans-
port along the Chilean coast. This is in agreement with data from Ingle

et al. (1980) and Shaffer et al. (1999; 2004), who demonstrate that SE
Pacific currents below 300 m water depth move very slowly. Also the
Gunther Undercurrent at a water depth of 100 to 300 m diminishes in
strength south of 33°S (Lamy et al., 2001).

The SW Atlantic samples are located on the Argentine Continental
Shelf and near the continental slope which marks the western border
of the Argentine Basin (26–53°S) (Fig. 2). This region has complex

Plate 1. Photomicrographs of the morphological variation of O. centrocarpum cysts from recent sediments of the Southern Hemisphere and fossil sediments from ODP 1233, offshore
Chile (41°S). Process lengths vary from rather short (10–12), over average (1–4) to long (5–9). (1) cyst from the Argentine Continental Shelf, slide AR26(1), England Finder refer-
ence (EF) N37/3; (2) cyst from the Argentine Continental Shelf, slide AR39(1), EF K44/0; (3) cyst from the coast of New Zealand, slide NZ10(2), EF E40/0; (4) cyst from the coast of
Tasmania, slide TA2(1), EF P36/2; (5) cyst from the Chilean Fjord area, slide CHILE6(1), EF N38/3; (6) cyst from offshore Chile, slide RR9702A-01, EF T40/0; (7) cyst from offshore
Chile, slide RR9702A-06, EF T36/3; (8) cyst from down-core ODP 1233 (14.4 cal ka BP), slide 1233 C-3H-2 42–44 20.72 mcd, EF W22/4; (9) cyst from down-core ODP 1233
(14.4 cal ka BP), slide 1233 C-3H-2 42–44 20.72 mcd, EF N42/0; (10) cyst from the West Indian Ocean, slide 76136, EF O32/0; (11) cyst from the coast of New Zealand, slide
NZ10/3, EF K/39-2; (12) cyst from the coast of New Zealand, slide NZ10/3, EF O37/0; (13) cyst with cell content from the Argentine Continental Shelf, slide AR26(1), EF N37/0;
(14) cyst with cell content from the Argentine Continental Shelf, slide AR26(1), EF O40/0; (15) cyst with cell content and the remains of red bodies from the Argentine Continental
Shelf, slide AR10(1), EF G41/1; (16) cyst with cell content and the remains of red bodies from the Argentine Continental Shelf, slide AR28(1), O40/4. The scale-bars represent 10 μm.
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oceanographic and ecological characteristics due to the bathymetry,
changes in coastline bearing, variable wind strength and directions,
large seasonal input of continental run-off and locally generated
cells of high salinity (Lucas et al., 2005). The latter may cause slight
deviations between the in situ salinities and the salinity estimations
made by the one-degree gridded World Ocean Atlas 2009. The
shallow sample locations of Dale (pers. comm.) (59 to 140 m) limit
the duration of particle sinking based on the findings by Zonneveld et

al. (2010), who investigated the sinking rates of organic walled dinofla-
gellate cysts offshore NW Africa and recorded sinking rates of
>274 m day−1 at average. Rapid vertical transport through the water
column is facilitated by agglomeration and flocculation in the presence
of other structureless organic matter (such as marine snow) or, to a
lesser degree, by a downward transport in fecal pellets (Silver and
Alldredge, 1981; Mudie, 1996). This prevents lateral transport over
long-distances, but short-distance coast-ocean transport of cysts cannot

Plate 2. Photomicrographs of O. centrocarpum cysts from recent sediments of the Southern Hemisphere. (1) high concentration of O. centrocarpum cysts with interspersed Spinifer-
ites cysts in coastal sediments of New Zealand, slide NZ10(2), EF F41/4; (2) cysts with large central body diameter from the coastal sediments of New Zealand, slide NZ1(1), EF H38/
0–3; (3) cyst with small central body diameter from the coast of New Zealand, slide NZ10(2), EF E35/0–1; (4–7) broken and deformed cysts; (4) broken cyst from the Argentine
Continental Shelf, slide AR28(1), EF K42/1; (5) deformed cyst from the Argentine Continental Shelf, slide AR4(1), EF L40/1; (6) compressed cyst from the Chilean Fjord area, slide
CHILE20(1), EF P41/1; (7) crumpled cyst from the Argentine Continental Shelf, slide AR31(1), EF (?); (8) malformed cyst from the Argentine Continental Shelf, slide AR39(1), EF
H44/0; (9) cyst from offshore South Africa, slide PS2230-1, EF M43/4; (10) cyst from offshore South Africa, slide PS2230-1, EF H41/4; (11–13) measurement procedures;
(11) straight processes are measured as the distance between the middle of the process base and the tip; (12) curved processes are measured in two steps, with both measurements
converging at the point of inflection; (13) the cyst body diameter is measured as the distance between the outer membranes of two opposite parts of the cyst wall.
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be excluded. In contrast, the samples located on the continental
slope adjacent to the Argentine Basin (~500 to 4300 m water depth;
Zonneveld, pers. comm.) may have been significantly transported from
the south according to the findings of Lange (1985) and Mollenhauer
et al. (2006).

Abidi (1997) suggests that no long-distance lateral transport of
dinoflagellate cysts in theWest Indian Ocean occurred (Fig. 2). A two-
fold reason is advanced for this by the work of Abidi (1997). Firstly, a
good match is observed between oceanographic boundaries and the
recorded cyst assemblages. Secondly, the biogeographic distributions
of dinoflagellate cyst taxa and foraminifer taxa are very similar.

Additionally, Zonneveld and Brummer (2000) found no indication of
significant lateral transport of cysts in the NW Arabian Sea.

Offshore NW Australia (East Indian Ocean), the strength and direc-
tion of sea-surface currents are variable and are determined by the
monsoonal winds (Fig. 2). The hydrography of the area is further
complicated by several deeper water masses all flowing in different
directions (e.g., Tomczak and Godfrey, 1994;Wijffels et al., 1996). How-
ever, Gingele et al. (2001) found no irrefutable evidence for lateral
suspended matter transport from the Timor Passage along the path of
the northern branch of the Leeuwin Current (NWAustralia). But further
southward, a poleward transport of clay minerals was observed along

Fig. 2. Geographical position of the samples included in the reduced database together with the main surface currents. The colour of the dots represents the measured average process
length ofO. centrocarpum at the respective sites. The austral summer sea-surface density values are based on the gridded one-degreeWorldOcean Atlas 2009 (NODC, 2009) and charts are
made using the Ocean Data View software (Schlitzer, 2010). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

52 T.J. Verleye et al. / Marine Micropaleontology 86–87 (2012) 45–58



Author's personal copy

the coast of West Australia by the Leeuwin Current. The dinoflagellate
cyst analysis of core-top samples across East Indonesia–West Australia
by Young (2005) showed that the biogeographic distribution of cysts
is mainly determined by the ecological requirements of the different
species, but lateral transport by ocean currents may also have influ-
enced cyst assemblages.

The studied sediments from the Tasmanian coast (Dale, unpub-
lished) were all sampled at less than 20 m water depth. The excellent
preservation of the cysts sometimes including cell content suggest no
notable lateral transport of cysts occurred (Fig. 2). A similar assump-
tion can be made for the samples from New Zealand by Dale (unpub-
lished) (Fig. 2). The samples of Sun and McMinn (1994) and McMinn
and Wells (1997) offshore SE New Zealand are extracted from water
depths between 393 m and 3632 m (Fig. 2). The shallowest sample
(G133) is located on the top of the Chatham Rise surrounded by
deep oceans, and can therefore not have been transported upwards
to this shallow location. The other samples are located in the vicinity
of the Chatham Rise, but originate from deeper parts of the ocean.
The recorded process lengths in all samples were very similar
(Δmin–max=0.11 μm), and therefore, long-distance lateral transport
by ocean currents can be excluded. In addition, the moderate to high
sedimentation rates in the areas surrounding the Chatham Rise will
prevent resuspension of sediments (Fenner and Di Stefano, 2004).

The preservation of the cysts was good to excellent in every
sample and observations of reworked specimens were extremely
rare. However, many torn cyst bodies were observed in some samples
taken on the Argentine Continental Shelf and the continental slope
adjacent to the Argentine Basin, which can be indicative for post-
depositional coast-ocean transport, confirming the observations of

Mollenhauer et al. (2006) in the latter region. Cysts still containing
the remains of cell contents were also sporadically observed, and
were recorded on the Argentine Continental Shelf and offshore
Tasmania.

4.2. What is the impact of salinity and temperature variations on the
morphological variability of O. centrocarpum?

4.2.1. Cyst formation: timing and depth
Wall and Dale (1968) noted that motile cells of Protoceratium

reticulatum produce cysts (O. centrocarpum) just after the bloom
reaches highest cell numbers. The time span between the loss of motil-
ity and a morphological mature resting cyst of a closely related species
L. polyedrum takes approximately 10 to 20 min (Kokinos and Anderson,
1995). Both observations let us assume that O. centrocarpum cysts most
likely reflect the prevailing environmental conditions in which the
motile cells thrive. Around Japan, the motile cell production mainly
occurs in the upper 5 to 10 m of the water column (Koike et al.,
2006), which suggests that the cysts reflect sea-surface conditions.

In the Southern Hemisphere, highest abundances of Protoceratium
reticulatum cells or O. centrocarpum cysts are generally recorded during
the late austral spring and the austral summer months around South
Africa (Reinecke, 1967; Grindley and Nel, 1968; 1970; Pitcher and
Joyce, 2009), in Chipana Bay offshore North Chile (Rossi and Fiorillo,
2010) and in the Chilean fjords between 44°S and 47°S (Seguel et al.,
2005). Similar observations are described in a number of Northern
Hemisphere studies. Late boreal spring and mainly boreal summer
blooms were observed in the Northern Tyrrhenian Sea (Mediterranean
Sea) (Montresor et al., 1998; Zingone et al., 2006), the Skagerrak

Fig. 3. Size-frequency curves. (a) O. centrocarpum process length distribution in the Southern Hemisphere and tropical core-top samples (reduced database); (b) histogram showing
O. centrocarpum body diameters in the Southern Hemisphere and tropical core-top samples (reduced database).

Table 2
Relationship between process length variability and sSSS, sSST, sSSS/sSST and summer density on a regional scale.

Regional correlations with process length

sSST (°C) sSSS (psu) sSSS/sSST Summer Density
(kg m−3)

Region (number of samples) D R² D R² D R² D R²
East Indian Ocean (21) 6.6 0.00 (+) 0.7 0.00 (−) 0.4 0.00 (+) 2.5 0.00 (−)
West Indian Ocean (8) 3.5 0.00 (+) 1.9 0.09 (−) 0.2 0.02 (−) 1.8 0.07 (−)
SW Atlantic (21) 15.7 0.51 (+) 4.6 0.76 (+) 1.9 0.23 (−) 2.9 0.00 (+)
New Zealand and South Australia (12) 4.8 0.17 (−) 1 0.25 (−) 0.7 0.16 (+) 0.6 0.00 (+)
SE Pacific (20) 8.5 0.65 (−) 1.4 0.09 (−) 1.3 0.74 (+) 1 0.73 (+)
SE Atlantic (1) / / / / / / / /
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offshore West Sweden (Godhe et al., 2001), at point Barrow offshore
Alaska (Bursa, 1963), several Norwegian fjords (Braarud and Bursa,
1939; Braarud et al., 1974; Braarud, 1976; Aasen et al., 2005), local
waters around Woods Hole (USA) (Wall and Dale, 1968), the North
Atlantic and the North Sea (Reid, 1978), in Okkirai Bay (Northern

Japan) (Koike et al., 2006), the Salton Sea (California) (Reifel et al.,
2002) and the Strait of Georgia (British Columbia, Canada) (Cassis,
2005; Pospelova et al., 2010).

As in Mertens et al. (2010) and based on the aforementioned
observations, it is reasonable to assume that the process length

Fig. 4. Scatter plots for the Southern Hemisphere and the Tropics. (a) Process length versus sSST; (b) process length versus sSSS; (c) process length versus sSSS/sSST; (d) process
length versus summer density. On the plots a–d, samples considered to be affected by long-distance lateral transport are encircled in pale grey. The red dashed lines encircle the
samples located at the border of the Argentine Basin (northward transport), while the green dashed lines ring the samples located offshore West Australia (22–31°S) (southward
transport). The scatter plots (e) to (h) show the data without samples considered to be affected by long distance lateral transport. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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variability of O. centrocarpum cysts reflects changing sea-surface condi-
tions during the summermonths of the respective hemisphere, and our
data support this.

4.2.2. Morphological variation of O. centrocarpum cysts in the tropics
and the Southern Hemisphere

Firstly, we consider the average process length variability on a
regional scale to determine its relationship with sSSS and sSST. For the
SE Pacific, lateral transport of cysts is considered to be limited
(Verleye and Louwye, 2010b), and process lengths of O. centrocarpum
are thus expected to reflect immediate surface water conditions as
calculated by theWorldOcean Atlas 2009. The SE Pacific samples exhib-
it a significant negative relationship between process lengths and sSST
(R²=0.65), and a positive correlation between process lengths and
sSSS/sSST (R²=0.74) and summer density (R²=0.73). In contrast to
earlier studies, no relationship is recorded with sSSS (R²=0.09),
which may be caused by the limited sSSS range (Δ1.4 psu). The ob-
served significant relationship with summer density supports the simi-
lar conclusions ofMertens et al. (2010). In contrast, no relationshipwith
summer density (R2=0) but a significant correlation with sSSS
(R2=0.76) was recorded offshore Argentina. This may be related with
a northward transport of cysts near the continental slope along a con-
stant salinity gradient but a latitudinal increasing SST gradient, in turn
influencing sea surface water density. When considering only the
shallow samples from the continental shelf (Dale, pers. comm.), no
significant relationship was observed with any of the environmental
parameters. The cyst signal could however be slightly biased by local
hydrographical effects such as slight increases in salinity (Lucas et al.,
2005) which are not considered by the World Ocean Atlas 2009. The
high numbers of broken cysts recorded in sample AR36(1) may be in-
dicative for relatively short-distance coast-ocean transport. This could
also explain the relatively short process lengths at this site (8.6 μm),
since salinity decreases towards the coast because of river water dis-
charges (a.o. Deseado River). When excluding sample AR36(1), the re-
gional correlations between process lengths as recorded in samples
from the continental shelf and sSSS/sSST and summer density increase
from R²=0.16 to 0.46 and from R²=0.12 to 0.48, respectively. The rela-
tion with sSSS and sSST however show only limited increases from
R²=0.08 to 0.17 and from R²=0.08 to 0.33, respectively.

Except for the SE Pacific and the SW Atlantic, no relationship was
observed on a regional scale between the process length and sSSS,
sSST, sSSS/sSST and summer density (Table 2). For the West Indian
Ocean, New Zealand and South Australian sites, this may be caused
by the narrow sSSS and sSST ranges recorded in the respective regions
(Table 1). Some samples from the West Indian Ocean originate from
the Arabian Sea where intense upwelling occurs, so local hydrographi-
cal variability could have affected process length. The East Indian sites
do cover a considerable sSST range of 6.6 °C, but neither show a rela-
tionship between process length and the environmental parameters
(Table 2). For the sites located offshore NW Australia between 22 and
31°S, the cysts may be transported in a poleward direction by the Leeu-
win Current, approaching theWest Australian coast in this area (Fig. 2).
This is in agreement with the findings of Gingele et al. (2001) who
observed transport of clay minerals towards higher latitudes offshore
West Australia. Therefore, the sSST in the area of cyst deposition may
be somewhat cooler compared with the sSST in the area of cyst

formation due to poleward transport of the cysts. SSS remains rather
constant along Western Australia. Assuming a positive relationship
with summer density as demonstrated for the SE Pacific, process
lengthsmay slightly underestimate the immediate surfacewater densi-
ty values (Fig. 2), and thus considerably distort regional trends.

In a further attempt to gain better insight into the environmental
factors controlling process length variation of O. centrocarpum cysts,
we combined the regional data to produce a Southern Hemisphere
database which extends the sSSS and sSST ranges up to 4.7 psu and
19 °C, respectively. A moderate relationship is then observed between
process length variability and sSST (R²=0.44; negative) and sSSS/sSST
(R²=0.4; positive) (Fig. 4a and c). Lateral transport as previously
suggestedmost likely produces noise on the scatter plots, and therefore
affected to a certain extent the relationship between process length var-
iability and sSSS and sSST (Fig. 4a–d). Both the SWAustralian (22–31°S)
(Young, 2005) and the oceanic SW Atlantic (Zonneveld, pers. comm.)
data deviate from the other sites in a way which corresponds with the
expected direction of transport, i.e., towards cooler water offshore SW
Australia and towards warmer water for the SW Atlantic deep sea
sites (Fig. 4a). The weak negative relationship with sSSS (R²=0.26) is
misleading because sSSS is positively correlated with sSST (R²=0.46)
and the variation in sSSS is limited compared to the changes in sSST
(Fig. 4a and b). A positive relationship with sSSS as observed in many
other studies (de Vernal et al., 1989; Dale, 1996; Ellegaard, 2000;
Brenner, 2005; Head, 2007; Mertens et al., 2010) and a negative rela-
tionship with sSST as demonstrated here suggest that summer density
may play a crucial role in determining process length variations, as ob-
served in the SE Pacific. Taking into account the possible effects of long
distance lateral transport, the SW Australian data most likely originates
from slightly lower density environments (warmerwater) compared to
their current position in the plot, while the opposite holds for the SW
Atlantic deep sea data (Fig. 4d). Correcting for this might improve the
correlation between process length variability and summer density
(Fig. 4d). When excluding the SW Australian and SW Atlantic samples,
the negative correlation with sSST increases up to R²=0.79 (Fig. 4e).
The positive correlation betweenprocess length variability and summer
density increases up to R²=0.55 (Fig. 4h), while the correlation with
sSSS/sSST increases up to R²=0.67 (Fig. 4g).

4.2.3. sSSS/sSST versus summer density
The good correlation between process length variability and the

sSSS/sSST ratio could point towards a causal relationship between
both parameters. This ratio however faces serious problems with
temperatures approaching zero in polar regions where the species
also is reportedly present. A limited shift in SST from 0.2 to 0.1 °C im-
mediately doubles the ratio, which can increase above 300 in the high
latitudes and should correspond with process lengths of >800 μm
according to the linear regression formula. In the (sub)tropical, tem-
perate and sub-polar regions however, no such drastic shifts in the
ratio occur, and confirms the positive and negative relationship
with sSSS and sSST, respectively. These observations suggest that
this relation to process length is probably an artefact, and the relation
to density is more likely, as already suggested by Mertens et al.
(2010). When excluding the sites considered to be affected by long
distance lateral transport (SW Atlantic, SW Australia), the relation-
ship between process length (x) and summer density (sD) follows

Table 3
Relationship between process length and body diameter variability and sSST, sSSS, sSSS/sSST and summer density on global scale.

Global dataset correlations

sSST (°C) sSSS (psu) sSSS/sSST summer Density
(kg m−3)

Process length (μm)

Δ R² Δ R² Δ R² Δ R² R²

Process length (μm) (83) 19.0 0.44 4.7 0.26 2.0 0.40 4.0 0.24 /
Body diamater (μm) (41) 19.0 0.00 4.7 0.03 2.0 0.00 4.0 0.00 0.50
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the equation sD=0.8422x+1016.9 (R²=0.55) with a Root Mean
Square Error (RMSE)=0.63 kg m−3 (Fig. 4h). The lower correlation
between process length variability and density compared to the
Baltic–Kattegat–Skagerrak data could be the result of the restricted
density range of the studied sites (Δ4 kg m−3). The relationship is
also clearly less steep compared to the relationship observed in the
Baltic–Kattegat–Skagerrak estuarine system (Mertens et al., 2010),
which is expressed through the equation sD=3.3745x+998.42
(R²=0.82). Further research is therefore required to investigate
whether both geographical separated populations have the same
genetic affinities and to analyse what causes the distinct morphological
adaptations associated with changes in density. However, despite this
problem, regional quantitative density reconstruction should be possi-
ble using regional O. centrocarpum process length calibration formula.

5. Conclusions

The study gives a better insight into the main determining factors
influencing process length variability in cysts of Protoceratium reticula-
tum (=O. centrocarpum) in the tropics and the Southern Hemisphere.
A moderate negative relationship with sSST (R²=0.44) is observed,
which increases up to R²=0.79 after excluding samples considered to
be affected by long distance lateral transport. No obvious relationship
with sSSS is observed due to its restricted range in this study. Both
the relationship with temperature and salinity (as observed in earlier
studies) suggest density play amajor role in determining process length
variability of O. centrocarpum. A positive relationship with summer
density has been observed after excluding samples considered to be
affected by long distance meridional transport, through the equation
sD=0.8422x+1016.9 (R²=0.55) with a RMSE=0.63 kg m−3. The
different relationship between process length and density in the South-
ern Hemisphere compared to the Baltic–Kattegat–Skagerrak estuarine
system (Mertens et al., 2010) requires further study and makes it diffi-
cult to construct a global database of process length variability but
points towards a rather regional application of the proxy. The core-top
database must also be further extended in the tropics and the Southern
Hemisphere to include a broader range of sSST and sSSS, in order to
improve our understanding of the possible effects of density on process
length variability, preferably with shallower water sites less susceptible
to long-distance cyst transport. Nevertheless, it seems likely that in
many parts of the ocean themain value of process length as a palaeosa-
linity proxy will be in conjunction with other proxies providing
estimates of SST, rather than a direct palaeosalinity proxy as first
envisioned.
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