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ABSTRACT

A biometrical analysis of the dinoflagellate cyst Lingulodinium machaerophorum [Deflandre, G., Cookson, I.C.,
1955. Fossilmicroplankton from Australia late Mesozoic and Tertiary sediments. Australian journal ofMarine
and Freshwater Research 6:242-313.] W all, 1967 in 144 globally distributed surface sediment samples revealed
thatthe average process length is related to summer salinity and temperature atawaterdepth of30 m by the
equation (salinity/temperature) = (0.078*average process length +0.534) w ith R2=0.69. This relationship can
be used to reconstructpalaeosalinities, albeitw ith caution. The particular ecological window can be associated
with known distributions of the corresponding motile stage Lingulodinium polyedrum (Stein) Dodge, 1989.
Confocal laser microscopy showed thatthe average process length is positively related to the average distance
between process bases (R2=0.78), and negatively related to the number ofprocesses (R2=0.65). These results
document the existence of two end members in cyst formation: one with many short, densely distributed
processes and one w ith afew, long, widely spaced processes, w hich can be respectively related to low and high
salinity/tem perature ratios. Obstruction during formation ofthe cysts causes anomalous distributions of the
processes. From abiological perspective, processes function to facilitate sinking o fthe cysts through clustering.

1. Introduction

Salinity contributes significantly to the density of seawater, and is an
important parameter for tracking changes in ocean circulation and
climate variation. Palaeosalinity reconstructions are of critical impor-
tance for better understanding of global climate change, since they can
be linked to changes of the thermohaline circulation (Schmidt et al.,
2004). Quantitative salinity reconstructions have been proposed on
the basis of several approaches that use, for example, foraminiferal
oxygen isotopes (e.g. Wang et al., 1995), 6180seawater based on fora-
miniferal Mg/Ca ratios and 6180 (e.g. Schmidtet al., 2004; Nirnberg and
Groeneveld, 2006), alkenones (e.g. Rostek et al., 1993), the modern
analogue technique applied to dinoflagellate cyst assemblages (e.g. de
Vernal and Hillaire-Marcel, 2000) and OD in alkenones (e.g. Schouten
et al.,, 2006; van der Meer et al., 2007, 2008). However, none of these
approaches is unequivocal (e.g. alkenones; Bendle et al. 2005).

Some planktonic organisms are known to show morphological
variability depending on salinity, e.g. variable noding in the ostracod
Cyprideis torosa, van Harten (2000) and morphological variation in
the coccoliths of Emiliania huxleyi (Bollman and Herrie, 2007). A similar
dependence has been reported for Lingulodinium machaerophorum
(Deflandre and Cookson, 1955) Wall, 1967, the cyst of the autotrophic
dinoflagellate Lingulodinium polyedrum (Stein) Dodge, 1989 which forms

© 2008 Elsevier B.V. Allrights reserved.

extensive harmful algal blooms reported from California (Sweeney,
1975), Scotland (Lewis et al., 1985), British Columbia (Mudie etal., 2002),
Morocco (Bennouna et al., 2002), West Iberia (Amorim et al., 2001) and
other coastal areas. This species can be considered a model dino-
flagellate since it is easily cultured and has been the subjectofnumerous
investigations. An extensive review of these studies was given by Lewis
and Halleti (1997).

Process length variation of L. machaerophorum was initially related
to salinity variations in the Black Sea by Wall et al. (1973), and
subsequently investigated in other regions (Turon, 1984; Dale, 1996;
Matthiessen and Brenner, 1996; Nehring, 1994,1997; Ellegaard, 2000;
Mudie et al., 2001; Brenner, 2005; Sorrel et al., 2006; Marret et al.,
2007). Kokinos and Anderson (1995) were the first to demonstrate the
occurrence of different biometrical groups in culture experiments.
Later culture experiments (Halleti, 1999) revealed a linear relationship
between average process length and salinity, but also temperature.

The process length ofL. machaerophorum as a salinity proxy represents
a large potential for palaeoenvironmental studies, since this species
occurs in a wide range of marine conditions (Marret and Zonneveld,
2003), and can be traced back to the Late Paleocene (Head et al., 1996). The
aim of the present study was to evaluate whether the average process
length shows a linear relationship to salinity and/or temperature, and to
assess its usability for palaeosalinity reconstruction. To achieve this goal,

Fig. 1. Distribution ofthe 144 surface samples where Lingulodinium machaerophorum process lengths were studied.



Table 1

Average process length from LM measurements, standard deviation, body diameter and standard deviation, average summer temperature and salinity at 30 m water depth, ratio between both and density calculated from both

Region

Caspian Sea-Aral Sea

Etang de Berre

Japan

Caribbean-West
Equatorial Atlantic

Scandinavian Fjords-
Kattegat-Skagerrak

East Equatorial Atlantic-
Dakar Coast

Black Sea and Marmara
Sea

Portugal-Brittanny
NW Africa

Mediterranean-Red Sea

Pacific
Celtic Sea

# samples

35

12

36

9
6

Processes
measured

1320

300

735

306

2271

903

5196

1350

1749

3507

1224
750

Results are sorted by short to long process length.
*For this region data from 0 m water depth is used.

Average
process
length

(pm)
56
75
8.0

130

132

132

150

16.8

184

196

212
218

Stdev
(pm)
34
25
19
44
42
34
41
36
3.8
4.4

43
41

Average
body
diameter

(pm)
481

449
453
441

479
46.6
46.3
453
48.1

456

477
4738

Stdev
(pm)
6.1
4.5
57
6.4
6.4
6.2
4.6
55
6.3
6.1

6.1
57

Average
summer

A30 m

15.72

1991

2454

26.19

16.55*

22.88

12.22

16.53

1947

18.39

14.39
13.50

Average
summer
oOm
1272
26.10
33.72
36.08
2414
35.52
20.08
3522
36.36
3757

3345
34.30

0 ml

Tzom

0.81

13

137

1.38

1.46*

155

164

213

187

2.04

232
254

Density
(kg/m3)
1008.87
1018.14
1022.64
1023.92
101743
1024.49
1015.14
1025.93
1026.07
1027.28

1025.04
1025.88

Preservation

Bad to good
Average

Good

Average

Bad to good
Bad to good
Good

Good

Average to good
Average to good

Good
Good

Reference

Marretet al. (2004), Sorrell etal. (2006), Leroy et al.

(2006) and Leroy (unpublished data), Leroy et al. (2007)
Leroy (2001 ) and Robertet al. (2006)

Matsuoka (unpublished data)

Vink et al. (2000), Mertens et al. (2008) and Vink et al. (2001)

Grosfield and Harland (2001), Gundersen (1988), Ellegaard
(2000), Christensen et al. (2004) and Persson etal. (2000)
Marret (1994) and Bouimetarhan et al. (unpublished data).

Verleye et al. (2008), Caner and Algan (2002), Caner (unpublished

data), Cagatay etal. (2000), Naudts (unpublished data), Popescu et al.

(unpublished), Mudie et al. (2007) and van der Meeret al. (2008)
Ribeiro etal. (unpublished data), Goubert (unpublished data)
Holzwarth et al. (unpublished data); Kuhimann et al. (2004), Richter
etal.(2007)

Sangiorgi et al. (2005), Londeix (unpublished data), Combourieu-
Nebout etal. (1999), Pirlet (unpublished data), Schoei (1974) and
Kothoffet al. (2008)

Pospelova et al. (2008) and Pefia-Manjarrez et al. (2005)

Marret and Scource (2002)
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1. machaerophorum cysts were studied from surface sediments collected
in numerous coastal areas. Confocal laser microscopy was used for the
reconstruction of the complete distribution of the processes on the cyst
wall, which has important implications for cyst formation.

2. Material and methods

2.1 Sample preparation and light microscopy

A total of 144 surface sediment samples were studied for biometric
measurements off. machaerophorum cysts from the Kattegat-Skagerrak,

22

Celtic Sea, Brittany, Portuguese coast, Etang de Berre (France), Medi-
terranean Sea, Marmara Sea, Black Sea, Caspian and Aral Seas, northwest
African coast, Canary Islands, coast of Dakar, Gulf of Guinea, Caribbean
Sea, Santa Monica Bay (California), Todos Santos Bay (Mexico) and
Isahaya Bay (Japan) (Fig. 1). Most samples were core top samples from
areas with relatively high sedimentation rates, and can be considered
recent, i.e. representing a few centuries (see Supplementary data). Five
samples have a maximum age ofa few thousand years, but since process
lengths are as long as processes of recent, nearby samples, these were
also considered representative. In general, the studied cysts provide us a
global view ofthe biometric variation ofcysts formed during the last few

20

23

Plate |. Lingulodinium machaerophorum cysts from Caspian sea (1-5), Aral Sea (6-9), Etang de Berre (10-12). Baltic Sea (13-15) and Scandinavian Fjords (16-24). Specific sample
names are 1-4. CP04.5.US02.6-7. AR23.8-9.AR17.10-12. Etang de Berre (19). 13. NG6.14.NG.7.15.NG9.16. Limijord. Note inclusion o fNannobarbophora acritarch. 17.Havstenfiorden

18-19. Guumar Fjord 20-21. G2.22.K2. 23-24. Risor Site. All scale bars are 20 pm.
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centuries by L. polyedrum. It is assumed here that the environmental
conditions steering the morphological changes within the cysts are
similar to recent environmental conditions.

All the cysts were extracted from the sediments according to
maceration methods that are described in the literature shown in
Table 1. Most methods used standard maceration techniques involving
hydrochloric acid and hydrofluoric acid, sieving and/or ultrasonica-
tion. Regardless of the method used, the cysts all appeared similar in
terms of preservation (Plates |V).

All measurements were made using a Zeiss Axioskop 2 and an
Olympus BH-2 light microscope, equipped with an AxioCam RC5
digital camera (Axiovision v. 4.6 software) and Color View Il (Cell F
Software Imaging System) respectively, and 100x oil immersion
objectives. All measurements were performed by Kenneth Mertens,
except for the samples from Portugal, which were measured by Sofia
Ribeiro. Observer bias did not influence the measurements.

For each sample, the length of the three longest visible processes
and the largest body diameter were measured of 50 cysts for each

15 16

Plate II. Lingulodinium machaerophorum cystfrom Marmara Sea (1-4) and Black Sea (5-24). Note the wide range ofmorphotypes occurring in these samples. Specific samples names
are: (1-2)Dm 13 (3-4) Dm5 (5-6) Knorr 134.72. (7) Knorr 134.51. (8) GGC18 Swollen cystdue to use ofacetolysis. (9-10) Knorr 134.35. (11-12) Knorr 134.2. (13-15) B2KS33 0-1. Note
merged process in 13 and 14.(16) B2KS010-1. Note globules atbasis o fprocesses. (17-18)All 1464. (19)All 1443.(20-21 ) All 1438.(22) All434. Note merged processes. (23) A11145.1.

(24) GeoB7625. Coloured with Safranin-O. All scale bars are 20 pm.
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1IL

16

20

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

sample. Measuring 50 cysts gave reproducible results: in sample
GeoB7625-2 from the Black Sea, three process lengths per cyst
for 50 cysts were measured, and was then repeated on 50 dif-
ferent cysts, showing no significant differences (x =13.50 pmz
2.99 pm and x =13.21 pm2.62 pm, f-test: p=0.37). The length
of each process was measured from the middle of the process
base to the process tip. The absolute error in process measure-
ment was 0.4 pm. Within each cyst, three processes could always
be found within the focal plane of the light microscope, and for
this reason this number seemed a reasonable choice. Three rea-

sons can be advanced for choosing the longest processes. Firstly,
the longest processes reflect unobstructed growth of the cyst
(see below). Secondly, the longest processes allowed to docu-
ment the largest variation, and this enhanced the accuracy of the
proxy. Thirdly, since only a few processes were parallel to the
focal plane of the microscope, it was imperative to make a con-
sistent choice. Sometimes fewer than 50 cysts were measured, if
more were not available. Fragments representing less than half of
a cyst were not measured, nor were cysts with mostly broken
processes.
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PlateiV. Lingulodinium machaerophorum cystfrom Mediterranean (1-11), Red Sea (12) Celtic Sea (13-16) and Pacific Ocean (17-24). Note the widely distributed very long processes
in Celtic Seaand Pacific Ocean samples. Specific samples are: (1) North Adriatic AN71. (2-4) North Adriatic AN71. (5-6) Nile Delta. (7) 273.4. (8)5153. (9) 516.6. (10) 521.3. (11-12) Red
SeaVVA01-200P. (13-14) Station9 6.99. (15) Station 95.00 (16) Station 9 2.99 with truncated processes. (17) Todos Santos Bay (Mexico). (18-19) Santa Monica Bay,, UVic07-89618 w ith
truncated processes. (20) UVic07-897. (21-22) UVic07-898.22 with truncated processes. (23-24) UVic07-902. All scale bars are 20 pm.

2.2. Salinity and temperature data

The biometric measurements on cysts from the different study
areas were compared to both seasonal and annual temperature and
salinity at different depths — henceforth noted as TOm, T10 m,, and
SO m, S0 ... using the gridded 1/4° World Ocean Atlas 2001
(Stephens et al. 2002; Boyer et al, 2002) and the Ocean Data View
software (Schitzer, R, http://odv.awi.de, 2008). For the Scandinavian
Fjords, in situ data were available from the Water Quality Association
of the Bohus Coast (http://www.bwf.com).

2.3. Confocal laser microscopy

Confocal microscopy was performed using a Nikon C1 confocal
microscope with a laser wavelength 0f488 nm and laser intensity of
10.3%. No colouring was necessary since the cysts were sufficiently
autofluorescent. The Z-stack step size was 0.25 pm with a Pixel
dwell time of 10.8 ps. The objective used was a 60*/1.40/0.13 Plan-
Apochromat lens with oil immersion. After correcting the z-axis for
differences in refractive index between the immersion oil and
glycerine jelly (here a factor of 78% of correction was used), images
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1400
1200
1000

g 800

400

0 2 4 6 8 10 12 14 16

18 20 22 24 26 28 30 32 34 36 38 40

Process length (um)

Fig. 2. Size-frequency spectrum of 19,611 process measurements.

were rendered to triangulated surfaces (.stl files) with Volume Graphics
VGStudioMax®© software. These were imported in Autodesk 3DsMax®,
where XYZ coordinates of the base and top of the processes were
recorded. From these coordinates Euclidean distances were calculated,
enabling the calculation ofthe process length and the distances between
the processes. Distances to the two closest processes of each process
were calculated, and by averaging these numbers, the average distance
between processes was calculated. A more detailed description of the
methodology is given at http://www.paleo.ugent.be/Confocal.htm.

3. Results
3.1. Preservation issues

To establish the validity of the measurements, preservation needs
to be taken into account. Two types of degradation were considered:
mechanical and chemical. Three categories were used to describe the
mechanical degradation ofthe cysts: bad (most cysts were fragmented
or torn, and processes were broken), average (about half of the cysts
were fragmented or torn, and few processes were broken, and good
(few cysts were torn or fragmented, and were often still encysted) (see
Table 1).

The differences in mechanical breakdown were, from our experi-
ence, largely caused by post-processing treatments such as sonication.
Prolonged sonication, however, does not significantly change process
length variation. The sample from Gullmar Fjord (average process
length of 14.6 pm, standard deviation SD 4.0) was sonicated in an
ultrasonic bath for two minutes and the results were not significantly

L[cT0/ JE S—

1400

L1 ———
SO 10—

FS -1 JE S —

™o

[0 ——

71010 P —

1] ——

0O - 11 a=1=1"

different from samples that were not sonicated (average process
length of 14.3 pm, SD 4.1) (f-test: p=0.38).

Chemical breakdown, on the other hand, could be caused by
oxidation or acid treatment. L machaerophorum is moderately
sensitive to changes in oxygen availability (Zonneveld et al, 2001).
Cysts from samples treated with acetolysis were clearly swollen
(Plate 11.8). Most interestingly, both processes and cyst body swell
proportionately. These samples were not used for analysis. Similar
results were noted after treatment with KOH. These maceration
methods are not suitable for biometric studies. Cysts extracted using
warm HF showed traces of degradation (see Plate 1.23, 1.24), but
process length did not change.

3.2. Overall cyst biometrics for the multi-regional dataset

The 19,611 process length measurements resulted in a global
average of 15.5 pm with a standard deviation of 5.8 pm, and a range
from 0 to 41 pm (Fig. 2). Most cysts encountered were comparable to
the forms described by Kokinos and Anderson (1995), and bald cysts
were rare. The range found is clearly broader than the 2 to 21 pm
range postulated by Reid (1974). The skewness of the distribution
was -0.12, since there is some tailing at the left side of the size
frequency curve (Fig. 2). The asymmetric distribution was due to the
fact that standard deviation increased with average process length.
This could be explained partly by the methodological approach -
errors on the larger measurements were larger, since larger pro-
cesses were more often curved or tilted - and by the more common
occurrence of cysts with relatively shorter processes in samples that

26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76
Body diameter (um)

Fig. 3. Size-frequency spectrum 0f6211 body diameter measurements.
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mostly contain cysts with longer processes (also evident in regional
size-spectra, Fig. 4).

The 6537 body diameter measurements resulted in an average
body diameter 0f46.6 pm with a standard deviation of 5.8 pm, over a
range from 26 to 77 pm. This was again a broader range than the 31 to
54 pm given by Deflandre and Cookson (1955) and Wall and Dale
(1968). This discrepancy could be explained partly by cysts sometimes

Celtic Sea

Pacific

Mediterranean

NW Africa

Portugal - Britanny

Black Sea-Marmara

Dakar-Equatorial

Scandinavian - Kattegat-Skagerrak)

Caribbean

Japan

Etang de Berre (France)

Caspian - Aral Sea

N T S T S S S I

being compressed or torn, yielding an anomalously long body
diameter. This mechanical deformation of the cyst explains also a
positive skewness of the size-frequency spectrum (Fig. 3).

The averaged data ofL machaerophorum cysts in every region is given
in Table 1, sorted from low to high average process length. Individual
size-frequency spectra are shown in Fig. 4 and the cysts are shown in
Plate I4V. All measurements are available as Supplementary data.

fo

[o]e]

DU N S S N S N T S S L S

0 2 4 6 8 1012 14 16 18 20 22 24 26 26 30 32

Process length (pm)

Fig. 4. Size-frequency spectra ofregional process measurements, sorted from top (long average processes) to bottom (short average processes).
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0.5
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S *»<

15 20 25 30

Process length (um)

Fig. 5. Regression between average process length and summer S30 m'r30 mfor the 144 surface samples.

3.3. Comparison ofprocess length with salinity and temperature

Data from the Scandinavian Fjords and the Kattegat-Skagerrak
were excluded from all relations since they significantly increased the
scatter on all regressions. The reason is given in the Discussion
(Section 4.3).

The relation of the average process length of L machaerophorum
with only the salinity data, fitted best with the winter SOm(K2=0.54).
When compared to temperature data alone, the best relationship was
with the winter T80 m (k2=0.06). A much stronger relationship could
be found with salinity divided by temperature at a water depth of
30 m fromjuly to September (summer). This relationship is expressed
as (S30 m'T30 m)=(0.078*average process length+0.534), and has a
K2=0.69 (Fig. 5) and the standard error is 0.31 psu/°C. Since seawater
density is dependent on salinity and temperature, it could be expected
that density would have a similar relationship with process length.
However, the regression with water density at 30 m water depth
shows a stronger relation to process length (K2=0.50) than with
salinity alone (K2=0.42 with summer S30m). but not better than with
S30 mIT30 m-

An overview of the results in the studied areas is given in Table 1.
Next to average process length, salinity, temperature and S30 mIT30m,
seawater density data are given, and illustrate that this parameter
does not show a better fit than the S30 m/is0 m ratio. The regression
between this averaged data from each region is (S30 mITO m)=
(0.085*average process length+0.468), K2=0.89 (Fig. 6).

3.3.1. Process length in relation to body diameter

No relation between the process length and cyst body diameter
was found (R2=0.002). This was expected since culture experiments
also revealed no relation between the body diameter and the salinity

3.00
2.50-
o) 2.00-
1.50-
A 1.00.
0.50-1

0.00-

0.0 5.0 10.0

(Hallet, 1999). Furthermore, no significant relation was found between
body diameter with the ratio between salinity and temperature at
different depths. Variations in cyst body diameter are probably caused
mainly by germination of the cyst or compression.

3.3.2. Process length in relation to relative cyst abundance

Mudie et al. (2001) found a correlation of k2=0.71 between the
relative abundance of L machaerophorum and increasing salinity
between 16 and 21.5 psu for Holocene assemblages in Marmara Sea
core M9. To check this relationship in our dataset, the relative
abundances of L. machaerophorum were determined in 92 surface
samples. No significant linear relation between relative abundances in
the assemblages and either the process length or the body diameter was
found. No significant relationship between relative abundance and
temperature or salinity data was found. This is not surprising since the
relationship between relative abundances and environmental para-
meters is not linear, but unimodal (Dale, 1996), and several other factors
play arole in determining the relative abundances on such a global scale,
mostly relative abundances of other species (closed-sum problems).

3.4. Confocal laser microscopy

All processes on 20 cysts from the North Adriatic Sea (samples
AN71 and AN6b) and one from the Gulf of Cadiz (sample GeoB9064)
were measured, resulting in 1460 process measurements. The average
distances between the processes were also calculated. A summary of
the results is given in Table 2. Process length ranged from 0 to 31 pm,
which differs from the 1983 process lengths from the North Adriatic
Sea samples measured with transmitted light microscopy (6 to
34 pm). The shift in the frequency size spectra was obviously due to
the fact that only the longest processes were measured (Fig. 7). Most

15.0 20.0 25.0

Process length (pm)

Fig. 6. Regression between average process length and summer $Om/?30 maveraged for every region separately.
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Table 2
Average process length, standard deviation, number of processes measured and average
distance between process bases from confocal microscopy in full measurements

Cyst Sample Average Stdev # Processes Body Average
number length length measured diameter  distance
(pm) (pm) (pm) (pm)
2 ANT1 9.82 5.78 79 44 .53 4.35
4 ANT71 7.26 5.72 89 39.84 3.76
5 ANT71 15.87 5.06 50 56.89 5.79
7 ANT71 9.80 6.36 72 45.11 468
9 ANT71 17.79 641 62 43.25 6.78
10 ANT71 10.32 6.49 67 39.95 455
1 ANT1 12.25 1.90 56 43.26 6.21
12 ANT1 6.85 4.82 107 39.34 3.98
13 ANT71 11.50 726 89 43.32 476
14 ANT71 15.88 727 61 51.76 6.90
15 ANT71 13.20 6.19 28* 40.54 567
16 ANT71 1543 419 59 4193 561
17 ANT71 1244 543 7 44.69 495
2 AN6B 11.79 6.09 7 36.38 440
4 AN6B 9.86 547 103 45.60 488
5 ANGB 9.14 713 102 42.87 405
6 ANGB 1217 4.72 76 4713 471
8 ANGB 1253 453 58 57.84 5.66
9 ANGB 13.07 3.50 51 40.77 5.40
10 ANGB 10.30 468 76 4120 444
1 GeoB9064 18.16 6.76 33 36.10 6.24
Average 1216 551 69.52 4392 513
Stdev 31 1.33 21.06 5.68 091

*This number was not used in the regression with process length, since less than halfof
this cyst was preserved.

remarkable was the large peak around 3 pm for the confocal
measurements. Apparently, a large number of shorter processes
were present on most of these cysts.

It is noteworthy that the number of processes was significantly
inversely related to the average process length (K2=0.65) (Fig. 8) and
the average process length was significantly related to the average
distance between the processes (R2=0.78) (Fig. 9), and that. The lower
R2can be explained by the incompleteness of the cysts: all cysts were
germinated and thus lacking opercular plates, which can number
between one and five or more in the case of epicystal archeopyles
(Evitt, 1985). This implies that a large number of processes can be
missing, and it would be subjective to attempt a correction for the
missing processes. It was not possible to use encysted specimens since
the strong autofluorescence of the endospore of these specimens
obscured many of the least autofluorescent processes. No significant
relation was found between the body diameter and the average
process length (R2=0.04), which supports the observation with
transmitted light microscopy.

250 m

m Frequence CLSM
Tnri _ n Frequence LM
150 -
100 -

4. Discussion
4.1 Process length correlated to summer S30 miT30 m: is it realistic?

The quasi unimodal size frequency spectrum ofboth process length
and cystbody diameter (Figs. 2 and 3), plus the correlation between the
average process length and the summer S30 nvi30m. strongly confirm
that all recorded cysts are ecophenotypes of a single species. It is
furthermore not surprising that the most significant relation was found
with the summer S30 m/r3o0 m depth. These three extra parameters -
seasonality, temperature and depth - are discussed below.

Late summer-early autumn is generally the time of maximum
stratification of the surface waters. Reduced salinity would enhance the
water column stability with the generation of a pycnocline, and lowered
water column turbulence, conditions that favour growth of L polyedrum
(Thomas and Gibson, 1990). In most upwelling regions, this would coin-
cide with periods of upwelling relaxation (Blasco, 1977). Late summer-
early autumn is the time ofthe exponential growth phase ofL polyedrum,
which coincides with peak production of L machaerophorum cysts, at
least in Loch Creran, northwest Scotland (Lewis et al., 1985), and in Todos
Santos Bay, Mexico (Pefia-Manjarrez et al., 2005). Culturing suggests that
the cyst production is triggered by nutrient depletion, and influenced by
temperature (Lewis and Halleti, 1997).

The relationship found between process length and both tem-
perature and salinity is not surprising since the formation of processes
can be considered a biochemical process (Halleti, 1999), dependent on
both temperature (negative relation) and salinity (positive relation).
The culture experiments by Halleti (1999) confirm a positive relation
to salinity and a negative relation to temperature.

Moreover, the cysts are probably formed deeper in the water
column, which would explain the fit to a 30 m depth. It is well known
that L polyedrum migrates deep in the water column (Lewis and
Halleti, 1997). A similar vertically migrating dinoflagellate, Peridiniella
catenata, also forms cysts deeper in the water column, mostly at 30-
40 m depth (Spilling et al, 2006). These cysts are probably formed
within a range of water depths, and with 30 m depth reflecting an
average depth.

The ranges of temperature (9-31 °C)and salinity (12.4-42.1 psu)at
30 m represent the window in which cyst formation takes place.
Cultures show that L polyedrum forms cysts at salinities ranging from
10 to 40 psu (Hallett, 1999), which fits with the results obtained in this
study. The relation to deeper salinity and temperature data suggests
that cyst formation more often than not takes place deeper in the
water column, where salinities may be higher and temperatures
lower, which suggests that caution is needed before linking L
machaerophorum cyst abundances directly to near surface data. This

18 20 22 24 26 28 30 32 34

Fig. 7. Comparison between the size-frequency spectra from 1460 confocal measurements (CLSM) from the North Adriatic Sea (samples AN71 and AN6b) and from the GulfofCadiz

and 1983 light microscope (LM) measurements from the North Adriatic.
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Fig. 8. Regression between average process length and the number of processes for the cysts measured with confocal microscopy.

could explain the occurrence of cysts of L. polyedrum in regions with
surface salinities as low as 5 psu (e.g. McMinn, 1990,1991 ; Dale, 1996;
Persson et al., 2000).

No better relation was found with density despite its dependence
on salinity and temperature. Apparently, density as calculated from
salinity and temperature, and pressure (water depth) by Fofonoffand
Millard (1983) is much more determined by salinity, and less by
temperature, whereas we assume that measured average process
length is influenced by a combination of these parameters.

4.2. Transport issues

L. polyedrum occurs in estuaries, coastal embayments and neritic
environments of temperate to subtropical regions (Lewis and Halleti,
1997). However, transport of the cysts into other areas by currents
must be considered, and the records of L machaerophorum in oceanic
environments have been attributed to reworking or long-distance
transport (Wall etal., 1977). A classic example is the upwelling area off
northwest Africa where the cyst has been recorded over amuch wider
area than the thecate stage (Dodge and Harland, 1991). In this study, it
was assumed that long-distance transport was not an important
factor, since the transported cysts would be transported from areas
with minor salinity and temperature differences, which would,
according to the equation (see 2.3), be reflected in negligible changes
in process length.

4.3. The Problematic Kattegat-Skagerrak and Scandinavian Fjord samples

It is noteworthy that the inclusion of the Kattegat-Skagerrak and
Scandinavian samples increased the scatter of the regression signifi-
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Fig. 9. Regression between average process length and the average distance between
process bases for the cysts measured with confocal microscopy.

cantly. Two causes can be suggested. Firstly, since most samples plotted
above the regression line, the average process length could be
anomalously short. Most probably this is not linked to a preservation
issue, since the average preservation was average to good (except for the
Risor site), and broken processes were rare. All recovered cysts are from
the uppermost section of box cores, and are thus recently formed. One
possible explanation is that these specimens are genetically different
which could result in slightly different morphologies. However, there is
no a priori reason why this should be so, and this conflicts with the
unimodal size-frequency distribution of process length.

Secondly, the used summer S30 m/IT30 m data could be incorrect,
and this can be attributed to several causes. On one hand, the cyst
production could have taken place at different water depths. When
surface data (SO mITOm) for the Kattegat-Skagerrak and Scandinavian
samples is included in the global dataset of summer S0 m/ 130 m. the
relation between average process length is more significant (R2=0.61).
On the other hand, the timing of cyst production might be different.
L polyedrum blooms in fjords are probably short-lived, followed by a
long resting period (Godhe and McQuoid, 2003). As for the Kattegat-
Skagerrak, salinity-driven stratification, with higher salinity bottom
waters and low salinity surface waters, could result in avery particular
environment. In this way, the cysts are formed probably under specific
salinity and temperature conditions, which could explain the increase
in scatter.

4.4. Confocal measurements and implications for cystformation

The results of this study lead to enhanced insight into the process of
cyst formation of L machaerophorum. Before discussing the implications
of our study in detail we summarise the state of the art knowledge on
cyst formation as described by Lewis & Halleti (1997) and Kokinos and
Anderson (1995). The studies ofthese authors indicate that at the start of
the cyst formation process, the motile planozygote ceases swimming,
ejects its flagella, and the outer membrane swells. Then, the thecal plates
ofthe planozygote dissociate and are pulled away from the cytoplasm by
the ballooning of the outer membrane and underneath this, the
formation ofthe cyst wall occurs. A layer of globules (each~5 pm across)
surround the cytoplasm and the spines grow outwards taking the
globules with them. These terminal globules collapse to form spine tips
and variations in this process confer the variable process morphology
observed. Probably, membrane expansion is activated by osmosis
(Kokinos, 1994), which causes a pressure gradient. According to Halleti
(1999) the outer membrane always reaches full expansion, both for short
and long process-bearing individuals. Measurements with confocal laser
microscopy clearly show that a positive relation exists between the
process length and the distance between processes, and a negative
relation between the processes length and the number of processes.
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Fig. 10. Conceptual model for process formation.

These findings lead towards three implications. Firstly, the amount of
dinosporin necessary for constructing the processes would be constant, at
least for the studied cysts from the Mediterranean Sea. However, one
needs to assume that the amount of dinosporin is proportionate to the
number of processes, multiplied by the average process length. This entails
thatthatthe amountofdinosporin needed for formation ofthe periphragm
is constant, which is reasonable since the body diameter is independent
of process length. Secondly, the good correlation between the average
distance and the process length, together with the observation that glo-
bules are all forming simultaneously (Halleti, pers. comm.), suggests that
the process length is predetermined. Thirdly, these observations suggest
the existence of two end members: one with many closely spaced short
processes, and one with afew, more widely spaced, long processes (Fig. 10).
This gradient in biometrical groups can also be visually observed in
transmitted light microscopy (Plate |+V) and the suggested formation
process for the two end members is illustrated in Fig. 11.

Salinity
Low
Temperature

. Salinity
High
Temperature

In order to reconcile these observations with observations from
cultures, the physico-chemical properties of dinosporin have to be con-
sidered. According to Kokinos (1994), dinosporin consists of a complex
aromatic biopolymer, possibly made oftocopherols. However, upon re-
analysis, De Leeuw et al. (2006) showed the tocopherol link to be untrue.
It can now be speculated that a certain fixed amount of this precursor
monomer (probably a sugar, Versteegh, pers. comm.) for dinosporin
is distributed across the sphere, in such away thataminimum ofenergy
is necessary for this process. This can occur through a process of floc-
culation (Hemsley et al. (2004)), and is dependent on both temperature
and salinity. Fewer but larger colloids of the monomer will be formed
when S0 M/TA mis higher and these will coalesce on the cytoplasmic
membrane. When many small colloids are formed, it might occur that
two or more colloids merge, and form one larger process (Plates 11.13
1115and 11.22). This theory can also explain the rare occurrence of crests
on cyst species such as Operculodinium centrocarpum, where crests are

Fig. 11. Suggested formation process for the two end members based on observation and documentation by Kokinos and Anderson (1995) and Halleti (1999), and theoretical
consideration by Hemsley et al. (2004). Monomer is shown in grey, membranes and polymerised coatin black. (A-B) The outer membrane starts to expand, a fixed amount of
monomeris formed and starts to coalesce on the cytoplasmic membrane. (C) Depending on environmental parameters (salinity and temperature), alotofsmallorafew large colloids
ofthe monomerare formed. (D) Visco-elastic dinosporin is synthesized on the globules and stretches in aradialdirection. (E) Membrane expansion often comes to a stop before radial
stretching ends. (F) Formation oflonger process takes longerthan shorter process formation. (G) Membrane rupture occurs.



KN. Mertens et al. | Marine Micropaleontology 70 (2009) 54-69 67

formed when processes are closely spaced. In the next step, the visco-
elastic dinosporin is synthesized on the globules, and stretches out in
a radial direction. This stretching is clearly visible in the striations at
the base of the processes. Another result of this stretching is the
formation of tiny spinules at the distal tip. These are more apparent
on the longer processes, and could be the result of a fractal process:
what happens at a larger scale, namely the stretching ofthe process-
es, is repeated here at a smaller scale as, stretching of the spinules.
However, it is unlikely that the stretching is solely caused by mem-
brane expansion. Halleti (1999) indicated that the outer membrane
expansion is independent of the definitive process length. Thus the
stretching is most probably caused by the combination of outer
membrane expansion and a chemical process, similar to the swelling
of cysts caused by acetolysis or KOH (see Section 2.1).

Two types of cysts deserve special attention. Clavate or bulbous
process bearing cysts (Plate 1.6; Plate 1111, 11.20) were frequently
encountered in surface sediments from low salinity environments
(Black Sea, Caspian Sea, Aral Seaand the Kattegat-Skagerrak). They were
frequently encountered in culture by Kokinos and Anderson (1995), but
rarely by Halleti (1999). These only seem to differ from normal processes,
in that the globules were not able to detach from these processes. This is
supported by the fact that the length of normal processes on cysts
bearing clavate processes is the same as for clavate processes.

The second type of cysts deserving attention are the bald or
spheromorphic cyst. Lewis and Halleti (1997) observed that these cysts
are not artefacts oflaboratory culturing, since cysts devoid ofprocesses
occurin the natural environment ofLoch Creran in northwest Scotland.
Moreover, Persson (unpubl. experiment, 1996) noted inculturing
experiments, that these cysts are viable, and thus cannot be regarded
as malformations. Apart from the Aral Sea, very few bald cysts were
recorded in surface sediments. It appears that on these cysts, process
developmentdid not take place. It can be speculated that this could be
caused byavery early rupture ofthe outer membrane or the inability of
the precursor monomer to flocculate at avery reduced S30 m/130 m-

4.5. Process distribution

The process distribution on L. machaerophorum has been con-
sidered intratabular to non-tabular (Wall and Dale, 1968), although
some authors noted alignment in the cingular area (Evitt and
Davidson, 1964, Wall et al., 1973). Marret et al. (2004) showed a
remarkable reticulate pattern in the ventral area on cysts with very
short processes from the Caspian Sea, suggestive of a tabular
distribution. Our findings indicate a regular and equidistant distribu-
tion of the processes, with evidence of a tabulation pattern lacking.

The process length distribution is not uniform. In cultures, cysts are
formed at the bottom of the observation chambers, resulting in an
asymmetrical distribution ofthe processes on the cysts, where shorter
processes are formed at the obstructed side, and longer processes at
the unobstructed side (Kokinos and Anderson, 1995; Halleti, 1999).
When assuming that a constant amount of dinosporin is distributed
over the cyst body, aberrantly long processes would form at the
unobstructed side, and aberrantly short processes at the obstructed
side. Our observations confirm this phenomenon: cysts from shallow
areas show a similar asymmetry. The frequent occurrence of short
processes on cysts from shallow areas in the Mediterranean Seacan be
explained in a similar way (Fig. 7). If one measures the longest
processes on these cysts, values will be slightly larger than expected
from our equation. This obstruction factor needs to be incorporated
into our conceptual model (Fig. 10). It is furthermore noticeable that
many of the non-shallow cysts show this asymmetry to a certain
degree (Plate I4V), suggesting that this obstruction could be occurring
more generally. The frequent occurrence of short processes along the
cingulum could also be explained in a similar way, if the cysts were to
be formed in a preferred orientation, with the obstructed side along
the archeopyle.

4.6. Biological function of morphological changes?

The final consideration deals with the biological function of the
processes. Possible functions of spines on resting stages have been
proposed by Belmonte et al. (1997), and include flotation, clustering
and enhanced sinking, passive defence, sensory activity and/or
chemical exchanges and dispersal. Since the link between process
length and S30 m/'T30 m exists and density is also dependent on S30 m/
r3o m, it is obvious that either flotation or clustering and enhanced
sinking will be the most important biological function of morpholo-
gical changes of the processes. Longer processes increase the drag
coefficient of the cyst and thus increase floating ability according to
Stokes’ law, but also increase cluster ability. However, the longest
processes occur in high water density (high S30m/13om) environments,
where floatation would be easier, which is counterintuitive. It seems
more logical, then, that longer processes are developed to facilitate
sinking (through clustering) in environments with high water density.

5. Conclusions

* A total of 19,611 measurements of L machaerophorum from 144
globally distributed surface samples showed a relationship between
process length and both summer salinity and temperature at 30 m
water depth, as given by the following equation: (S30 m/T30 m)=
(0.078* average process length+0.534) with R2=0.69. For salinity
the range covered is at least 12.5 to 42 psu, and for temperature 9 to
31 °C. To establish the accuracy of this salinity proxy, future culture
studies will hopefully further constrain this relationship.

Confocal microscopy shows that distances between processes are
strongly related to average process length, and that the number of
processes is inversely related to average process length. This
suggests a two end-member model, one with numerous short,
closely spaced processes and one with relatively few, widely spaced,
long processes.

Processes of L. machaerophorum are hypothesized to biologically
function mainly as a clustering device to enhance sinking rates.
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